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ABSTRACT
We investigate galactic-scale outflowing winds in 72 star-forming galaxies at z ∼ 1 in the Extended
Groth Strip. Galaxies were selected from the DEEP2 survey and follow-up LRIS spectroscopy was
obtained covering Si II, C IV, Fe II, Mg II, and Mg I lines in the rest-frame ultraviolet. Using GALEX,
HST, and Spitzer imaging available for the Extended Groth Strip, we examine galaxies on a per-object
basis in order to better understand both the prevalence of galactic outflows at z ∼ 1 and the star-
forming and structural properties of objects experiencing outflows. Gas velocities, measured from the
centroids of Fe II interstellar absorption lines, are found to span the interval [–217, +155] km s−1.
We find that ∼ 40% (10%) of the sample exhibits blueshifted Fe II lines at the 1σ (3σ) level. We
also measure maximal outflow velocities using the profiles of the Fe II and Mg II lines; we find that
Mg II frequently traces higher velocity gas than Fe II. Using quantitative morphological parameters
derived from the HST imaging, we find that mergers are not a prerequisite for driving outflows. More
face-on galaxies also show stronger winds than highly inclined systems, consistent with the canonical
picture of winds emanating perpendicular to galactic disks. In light of clumpy galaxy morphologies,
we develop a new physically-motivated technique for estimating areas corresponding to star formation.
We use these area measurements in tandem with GALEX -derived star-formation rates to calculate
star-formation rate surface densities. At least 70% of the sample exceeds a star-formation rate surface
density of 0.1 M⊙ yr
−1 kpc−2, the threshold necessary for driving an outflow in local starbursts. At the
same time, the outflow detection fraction of only 40% in Fe II absorption provides further evidence
for an outflow geometry that is not spherically symmetric. We see a ∼ 3σ trend between outflow
velocity and star-formation rate surface density, but no significant trend between outflow velocity and
star-formation rate. Higher resolution data are needed in order to test the scaling relations between
outflow velocity and both star-formation rate and star-formation rate surface density predicted by
theory.
1 Based, in part, on data obtained at the W.M. Keck Obser-
vatory, which is operated as a scientific partnership among the
California Institute of Technology, the University of California,
and NASA, and was made possible by the generous financial sup-
port of the W.M. Keck Foundation.
2 Packard Fellow.
3 Alfred P. Sloan Fellow.
21. INTRODUCTION
Far from being closed boxes, galaxies are known to
affect their environment by expelling gas and met-
als into the intergalactic medium (IGM) via “super-
winds” (e.g., Heckman et al. 1990; Steidel et al. 1996;
Franx et al. 1997; Martin 1999; Pettini et al. 2000, 2001;
Shapley et al. 2003; Martin 2005; Veilleux et al. 2005;
Rupke et al. 2005; Tremonti et al. 2007; Weiner et al.
2009; Steidel et al. 2010; Coil et al. 2011). These out-
flows may contribute to the limiting of black hole
and spheroid growth (possibly resulting in the cor-
relation between black hole and bulge mass; e.g.,
Ferrarese & Merritt 2000; Robertson et al. 2006), the en-
richment of the IGM (Oppenheimer & Dave´ 2006), and
the regulation of star formation through the ejection of
cold gas (Scannapieco et al. 2005; Croton et al. 2006).
At high redshifts, winds may have played a critical role
in reionization by clearing paths for ionizing radiation
to escape from galaxies (Dove et al. 2000; Steidel et al.
2001; Heckman et al. 2001a; Gnedin et al. 2008).
The kinematics of interstellar absorption lines provide
one of the key probes of outflowing gas in galaxies. Ob-
servations of blueshifted interstellar absorption lines at
a variety of rest wavelengths and ionization states have
been observed in both local and high-redshift samples
(e.g., Heckman et al. 2000; Martin 2005; Pettini et al.
2002; Shapley et al. 2003; Steidel et al. 2010; Coil et al.
2011; Kulas et al. 2012; Law et al. 2012b). The presence
of outflows with blueshifted velocities relative to stars
and H II regions appears to be associated with objects
undergoing starbursts: UV-selected star-forming galax-
ies at z = 2–3 with large star-formation rates (SFRs)
(Pettini et al. 2002; Shapley et al. 2003; Steidel et al.
2010), local ULIRGs (Heckman et al. 2000; Rupke et al.
2002; Martin 2005; Rupke et al. 2005), and local dwarf
starbursts (Lequeux et al. 1995; Heckman & Leitherer
1997; Heckman et al. 2001b; Schwartz & Martin 2004).
Studies of X-ray and Hα emission in local samples
have focused on correlating outflows with spatially-
resolved properties such as star-formation rate sur-
face density (ΣSFR), morphology, and galaxy inclina-
tion (e.g., Lehnert & Heckman 1996; Heckman 2002;
Strickland et al. 2004). Only recently, however, have
absorption-line studies of winds at higher redshifts be-
gun similar investigations (Sato et al. 2009; Weiner et al.
2009; Rubin et al. 2010; Steidel et al. 2010; Talia et al.
2012; Law et al. 2012b). Studies of spatially-resolved
properties necessitate high-resolution imaging and care-
ful measurement of the galactic regions in which stars are
forming. These studies are particularly relevant around
z ∼ 1; examining the processes regulating star forma-
tion is critical to understanding why the global star-
formation rate density declines between z ∼ 1 and z ∼
0 (Reddy et al. 2008).
The study of outflows in z ∼ 1 objects to date
has relied primarily on composite spectra and visual
classification of galaxy morphology (e.g., Weiner et al.
2009; Rubin et al. 2010). Here, we use a sample of
galaxies drawn from the z ∼ 1 DEEP2 redshift survey
(Newman et al. 2012) to examine the relationship be-
tween outflows and host galaxy properties. For these
objects, we obtain observations with the Low Reso-
lution Imaging Spectrometer (LRIS; Oke et al. 1995;
Steidel et al. 2004) on Keck I. These LRIS spectra cover
a bluer wavelength range than the DEIMOS discovery
spectra from the DEEP2 survey and are inclusive of a
variety of rest-frame UV features from which wind kine-
matics can be measured (Si II λ1526, C IV λ1549, Fe II
λ1608, Al II λ1670, Fe II λ2344, Fe II λλ2374/2382, Fe II
λλ2587/2600, Mg II λλ2796/2803, and Mg I λ2852). In
this paper, we focus specifically on objects in the Ex-
tended Groth Strip (EGS) field, where an extensive mul-
tiwavelength dataset enables SFR, ΣSFR, morphology,
inclination, and dust attenuation to be estimated and in
turn correlated with outflow properties on a per-object
basis. We aim to determine which, if any, of these proper-
ties most strongly drives outflows at z ∼ 1. Furthermore,
with our unique data set we can statistically probe the
geometry of galactic winds.
In Section 2, we present the imaging and spectroscopic
data used in our analysis, including extensive datasets
of EGS observations. We discuss SFR, a new tech-
nique for estimating galaxy areas, and ΣSFR in Section
3. Absorption-line modeling is reviewed in Section 4,
while Section 5 is devoted to results. In Section 6, we
present a discussion of the results. Our conclusions are
summarized in Section 7. Throughout the paper, we as-
sume a standard ΛCDM cosmology with H 0 = 70 km
s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. All wavelengths
are measured in vacuum. At z = 0.7 (1.3), an angular
size of 1′′ corresponds to 7.1 (8.4) kpc.
2. SAMPLE AND OBSERVATIONS
2.1. DEEP2 Survey
The objects presented here were drawn from the
DEEP2 survey conducted from 2002–2005 using the
DEep Imaging Multi-Object Spectrograph (DEIMOS) on
Keck II (Newman et al. 2012). With four fields totaling
three square degrees, the DEEP2 survey obtained high-
quality redshifts for ∼ 30,000 galaxies at 0.7 ≤ z ≤ 1.5
brighter than RAB = 24.1 to study clustering and evolu-
tion in galactic properties out to z ∼ 1.
The DEIMOS spectra were obtained with a 1200
lines mm−1 grating and a 1.′′0 slit and have a res-
olution of R ≈ 5000 (Newman et al. 2012). Wave-
length coverage extends from ∼ 6500–9100 A˚ inclu-
sive of the [O II] λλ3727/3729 doublet, which is typ-
ically resolved. Galaxy properties, including luminosi-
ties, colors, stellar masses (M∗), and [O II] equiva-
lent widths, have been measured (Figure 1; Bundy et al.
2006; Willmer et al. 2006). Stellar masses were calcu-
lated from SED modeling with BRIK photometry, as-
suming Bruzual & Charlot (2003) spectral templates and
a Chabrier (2003) initial mass function (IMF). For our
study, modeling was done with BRI photometry alone if
objects lacked K -band detections (24% of the sample).
Photometric preselection based on BRI colors was ap-
plied in three out of the four DEEP2 fields in order to
isolate galaxies at z ≥ 0.7. In the fourth field, the EGS,
no color cuts were applied and galaxies at lower redshifts
were accordingly targeted for spectroscopy. The EGS
dataset is unique not only for its inclusion of more lo-
cal galaxies, but also for its extensive multi-wavelength
coverage from the All-Wavelength Extended Groth Strip
International Survey (AEGIS; Davis et al. 2007). The
objects presented in this paper are all in the EGS and
3Fig. 1.— Distributions of rest-frame [O II] equivalent widths (left) and stellar masses (right) for our sample of 72 EGS objects at 0.7 <
z < 1.3. The hatched histogram in the stellar mass panel denotes galaxies without K-band detections (17 objects). Stellar masses were
estimated from SED fitting using BRI (and K, when available) photometry (Bundy et al. 2006), assuming a Chabrier (2003) IMF.
consequently have, in addition to the original DEIMOS
spectra, a variety of complementary data spanning from
the X-ray to the radio regimes (Section 2.3).
2.2. LRIS Observations
While the DEIMOS spectra are generally dominated
by nebular emission features ([O II], [Ne III], Hγ, Hδ,
Hβ, [O III]), the majority of low- and high-ionization
interstellar absorption features tracing outflows are in
the rest-frame UV and are observed at shorter wave-
lengths than the blue edge of the typical DEIMOS spec-
tra in the DEEP2 survey (∼ 6500 A˚ in the observed
frame). In order to probe these outflow features (e.g.,
Fe II λ2344, Fe II λλ2374/2382, Fe II λλ2587/2600,
Mg II λλ2796/2803), we obtained complementary spec-
troscopic data for 212 objects using the LRIS spectro-
graph on Keck I. These observations, covering all four
DEEP2 survey fields, are described in further detail in
(Martin et al. 2012).
In this paper, we discuss 72 objects in the EGS,
which are drawn from our larger sample of 212
spectroscopically-confirmed DEEP2 objects with LRIS
follow-up (Martin et al. 2012). In Figure 2, we show
the color-magnitude diagram for both the present sam-
ple of 72 objects and also the parent sample of ∼ 7,000
spectroscopically-confirmed DEEP2 EGS objects at 0.70
< z < 1.35. Objects with B < 24.5 were targeted for
LRIS observations, resulting in a sample dominated by
brighter, bluer galaxies. The redshift distribution of our
EGS sample is presented in Figure 3, where 〈z〉 = 0.99
± 0.29.
The LRIS data, collected in October 2007, June 2008,
September 2008, and June 2009, were obtained using
1.′′2 slits on nine multi-object slitmasks targeting 20–28
objects each. The dichroic capability of LRIS was em-
ployed with the grism on the blue side and the grating
on the red side. We used two set-up configurations, both
with the Atmospheric Dispersion Corrector: the d680
dichroic with the 400 line mm−1 grism and the 800 line
mm−1 grating (145 objects; 47 in the EGS) and the d560
dichroic with the 600 line mm−1 grism and the 600 line
mm−1 grating (67 objects; 25 in the EGS). The resolu-
tions of the 800, 600 and 400 line mm−1 grisms/gratings
are R = 2000, 1100, and 700, respectively. Features bluer
than Mg II λλ2796/2803 generally fell on the blue side
while Mg II λλ2796/2803 and longer wavelength lines
(e.g., [O II]) were recorded on the red side.
Continuum signal-to-noise (S/N) ratios ranged from ∼
1–20 per pixel over the rest wavelength interval 2400–
2500 A˚. In Figure 4, we show several individual LRIS
spectra with a range of measured S/N ratios. Integration
times varied from 3–9 hours per slitmask, where objects
observed with the d560 dichroic had typically shorter ex-
posures (3–5 hours) than objects observed with the d680
dichroic (5–9 hours). The reduction procedure – flat-
fielding, cosmic ray rejection, background subtraction,
extraction, wavelength and flux calibration, and trans-
formation to the vacuum wavelength frame – was com-
pleted using IRAF scripts. The spectra were continuum-
normalized and composite spectra were assembled from
stacks of mean-combined rest-frame spectra. For the
composite spectra, we smoothed the objects obtained
with the 600 line mm−1 grism or grating in order to ac-
count for the difference in resolution between the objects
observed with the 600 line mm−1 and 400 line mm−1
setups.
2.3. AEGIS Multiwavelength Data
The 72 EGS objects presented in this paper have exten-
sive multi-wavelength coverage from the AEGIS dataset.
These data products cover observations over nine decades
in wavelength, including Chandra X-ray, GALEX FUV
and NUV imaging, HST ACS F606W (V ) and F814W
(I) imaging, optical CFHT and MMT observations, Palo-
mar/WIRC J and Ks imaging, Spitzer IRAC and MIPS
pointings, and VLA radio observations. This wealth of
data permits many analyses, including the estimation of
SFR, specific star-formation rate (sSFR = SFR/M∗),
ΣSFR, morphology, inclination, and dust attenuation.
Here, we discuss the diffraction-limited HST Advanced
Camera for Surveys (ACS; Ford et al. 2003) imaging that
forms the backbone of our spatially-resolved analyses. In
4Fig. 2.— Rest-frame color-magnitude diagram with photome-
try corrected for Galactic extinction, assuming H0 = 100 km s−1
Mpc−1 (Willmer et al. 2006). Small dots show objects at 0.70 < z
< 1.35 in the EGS field of the DEEP2 survey and red crosses mark
the 72 EGS objects with LRIS follow-up discussed in this paper.
The red sequence and blue cloud are delineated by the dashed line
(Willmer et al. 2006); we emphasize that the majority of the ob-
jects presented in this work are brighter, blue cloud galaxies.
the sample of 72 EGS objects presented here, 56 galaxies
have HST coverage.
Reduced HST images (Cycle 13, Program 10134, PI
Marc Davis) were drizzled from four exposures to pro-
duce final 8000 × 8000 pixel images with a sampling of
0.′′03 pixel−1 and a point spread function (PSF) FWHM
of ∼ 0.′′1. These deep (V = 28.75 AB [5σ]; I = 28.10
AB [5σ]) images were used for several estimates of galaxy
extent and light distribution, including the Petrosian ra-
dius, the Gini coefficient, and M20. The Gini coefficient
originated from the field of economics to describe the
distribution of wealth in a society; the term is used in
astronomy to parameterize how a galaxy’s light is dis-
tributed. Gini coefficients close to 1 indicate that a
galaxy’s flux is concentrated in a few bright pixels while
values closer to 0 mean that the flux is more evenly dis-
tributed over many pixels. M20 refers to the normalized
second-order moment of the brightest 20% of a galaxy’s
flux; larger M20 values are associated with merging sys-
tems while smaller M20 values describe more compact
galaxies. We direct the reader to Lotz et al. (2004) for
a more complete description of the Gini coefficient and
M20.
3. STAR-FORMATION RATES, GALAXY AREAS, AND
STAR-FORMATION RATE SURFACE DENSITIES
The multi-wavelength observations of the AEGIS
dataset enable detailed measurements of the star-forming
properties of the sample. Based on HST imaging, we
note that the majority of objects appear to have clumpy
morphologies (Figure 5). The UV-bright clumps may be
star-forming regions embedded in lower surface bright-
ness disks (Fo¨rster Schreiber et al. 2006). We conse-
quently derive a new estimate of galaxy size inclusive
of only the brightest regions likely associated with star
formation and use these areas in tandem with SFR esti-
mates in order to calculate ΣSFR. We also use standard
Petrosian size measurements to calculate ΣSFR as well.
3.1. Star-Formation Rates
We used Galaxy Evolution Explorer (GALEX ;
Martin et al. 2005) and Spitzer Space Telescope imag-
ing from the AEGIS dataset to estimate the SFRs of
the sample. Given the significant attenuation experi-
enced by UV radiation, SFRs inferred from GALEX
measurements must be corrected for dust absorption.
Data from GALEX ’s FUV and NUV detectors, along
with B -band observations (for the higher-redshift ob-
jects in the sample), were used to calculate a spectral
slope, β, where the flux level over the rest-frame inter-
val 1250–2500 A˚ is parametrized as fλ ∝ λβ . Follow-
ing Meurer et al. (1999), Seibert et al. (2005) derived a
relationship between β and the UV attenuation, AUV,
based on a sample of several hundred nearby galaxies
with both GALEX and Infrared Astronomical Satellite
(Neugebauer et al. 1984) imaging. For the sample pre-
sented here, Schiminovich et al. (2007) used the β/AUV
relationship from Seibert et al. (2005) to correctGALEX
luminosities for attenuation. The median AUV value in
the sample is 1.8, which corresponds to a factor of ∼
5 correction. UV SFRs corrected for dust – SFRUV,corr
– were then calculated for a Salpeter (1955) IMF over
0.1–100 M⊙, according to Salim et al. (2007). We con-
verted all values to the Chabrier (2003) IMF by divid-
ing the Salpeter (1955) values by 1.8. 54/72 objects (∼
75%) have SFRUV,corr measurements, where the 18 ob-
jects lacking β measurements were observed by GALEX
but were either not significantly detected or suffered from
confusion with neighboring objects4. The SFRUV,corr
measurements of the sample are characterized by a me-
dian value of 12 M⊙ yr
−1 and extrema of [1, 97] M⊙ yr
−1
(Figure 6).
These SFRUV,corr values are consistent with SFRs in-
ferred from longer wavelength measurements. Robust
Spitzer 24µm detections (f24µm ≥ 60 µJy) were used
to calculate a total infrared luminosity, LIR, based on
templates relating LIR and f24µm (Chary & Elbaz 2001).
While these templates are representative only of quies-
cent and starbursting galaxies – not Active Galactic Nu-
clei (AGN) – we note that AGN are likely a minimal
contaminant in the sample given that a cross-correlation
with Chandra X-ray catalogs yielded only 1 match for
our sample above the limiting fluxes of 5.3 × 10−17
(3.8 × 10−16) erg s−1 cm−2 in the soft (hard) bands
(Laird et al. 2009). Here, soft corresponds to 0.5–2 keV
and hard corresponds to 2–10 keV. At the mean redshift
of our sample, 〈z〉 = 0.99, these flux limits correspond to
AGN luminosities of 2.7 × 1041 (1.9 × 1042) erg s−1 in
the soft (hard) bands. Based on bolometric corrections
from Hopkins et al. (2007), the limits for both Chandra
bands correspond to ∼ 1043 erg s−1 in bolometric lumi-
nosity5. A SFR was then estimated from the addition
of SFRs derived from LIR (Kennicutt 1998) and LUV
4 GALEX has a PSF of ∼ 5′′–6′′ for FUV and NUV observations
(Martin et al. 2005).
5 As we do not include the one X-ray detected object (12015320)
5(Schiminovich et al. 2007), where the latter term is a UV
luminosity uncorrected for dust. While only 17/72 ob-
jects presented here (∼ 25%) have both UV detections
and f24µm ≥ 60 µJy, a larger sample of objects with
these measurements shows a correlation between the two
SFRs with a scatter of ∼ 0.4 dex (Figure 7). In light of
this consistency and the relative scarcity of objects with
f24µm detections, we use SFRUV,corr (“SFR”) in all of
the following analyses.
It is useful to compare the SFRs of the present sam-
ple with the SFRs of other recent outflow studies at z ∼
1. Weiner et al. (2009) presented an outflow survey of
DEEP2 objects at z ∼ 1.4 with 25th and 75th percentile
values of SFR of 14 and 28 M⊙ yr
−1, respectively, derived
from UV measurements assuming a Kroupa (2001) IMF.
Work by Rubin et al. (2010) utilized objects with smaller
SFRs: 25th and 75th percentile values of SFR of 4 and
9 M⊙ yr
−1, respectively. The Rubin et al. (2010) SFRs
were also derived assuming a Kroupa (2001) IMF using
UV measurements. The objects in this paper have 25th
and 75th percentile values of 6 and 25 M⊙ yr
−1, respec-
tively, assuming a Chabrier (2003) IMF. For direct com-
parison with the Weiner et al. (2009) and Rubin et al.
(2010) samples, these values correspond to 8 and 31 M⊙
yr−1, respectively, for a Kroupa (2001) IMF.
In Figure 8, we plot SFR versus stellar mass and sSFR
versus stellar mass. We find a pronounced correlation be-
tween SFR and stellar mass. As this relationship is con-
sistent with the correlation observed in the larger DEEP2
sample, the subsample of objects discussed here do not
appear to have star-formation histories grossly inconsis-
tent with other datasets.
3.2. Calculating a “Clump Area”
It has been suggested that there exists a threshold
star-formation rate surface density of ΣSFR = 0.1 M⊙
yr−1 kpc−2 for driving an outflow in local starbursts
(Heckman 2002). As estimating ΣSFR requires areal in-
formation, it is important to characterize properly the ex-
tent over which star formation is occuring. While values
in the literature often refer to r = half-light radius or Pet-
rosian radius (Rubin et al. 2010; Steidel et al. 2010), the
clumpy morphologies of high-redshift galaxies observed
in the rest-frame UV necessitate a different treatment.
Rubin et al. (2010) noted that the simple approximation
of pir2 for the area of a galaxy may result in an overesti-
mate; these authors proposed that the inclusion of only
star-forming knots above a specified luminosity threshold
may be the most physically motivated method for calcu-
lating a galaxy area associated with outflowing material.
As the majority of objects in our EGS sample appear
to have irregular knots of star formation instead of being
clearly disk-dominated (Figure 5), we used diffraction-
limited HST V -band imaging to investigate appropriate
areal measurements. V -band imaging traces rest-frame
∼ 2970 A˚ at z = 0.99, the mean redshift of the sample.
We began by estimating the total non-contiguous area of
in our analyses, we believe that the winds we observe are driven by
star formation as opposed to AGN activity. Based on rest-frame
UV spectra, the objects in our sample do not exhibit signatures
of AGN activity although we acknowledge possible contributions
from obscured AGN. Krug et al. (2010) note that starburst and
Seyfert 2 systems show similar outflow kinematics.
Fig. 3.— The redshift distribution of the LRIS EGS sample
(hatched histogram), compared with a normalized histogram of
redshifts of EGS objects in the parent DEEP2 survey. Objects at
z > 0.7 were prioritized for LRIS follow-up, given the target wave-
length coverage of 1500–2800 A˚ in the rest-frame. The significant
fraction of objects at larger redshifts reflects our heightened priori-
tization of galaxies at 1.19 ≤ z ≤ 1.35. Observations of galaxies in
this redshift interval yield simultaneous coverage of the C IV λ1549
and Mg I λ2852 features for the typical LRIS set-up, enabling a
comparison of the kinematics of neutral, low-, and high-ionization
species (Shapley et al., in prep.).
each galaxy above a certain surface brightness limit. The
motivation behind this technique stemmed from flagging
pixels that corresponded to some measurable physical
quantity (in this case, surface brightness or, equivalently,
ΣSFR). Schematically, the conversion from counts per
pixel in the images to ΣSFR can be illustrated as follows:
counts
pixel
−−−−→
via zpt
fν
pixel
−−→
via z
Lν
kpc2
−−−−−→
via K98
SFR
kpc2
(1)
where zpt is the HST V -band zeropoint (26.5 AB) and
K98 refers to the conversion between rest-frame UV lu-
minosity over 1500–2800 A˚ (LUV) and SFR assuming a
Salpeter (1955) IMF over 0.1–100 M⊙ (SFR = 1.4 ×
10−28 LUV; Kennicutt 1998). With images now in units
of ΣSFR, a simple ΣSFR threshold can be implemented.
In light of local work by Heckman (2002)6, we adopted
the criterion ΣSFR = 0.1 M⊙ yr
−1 kpc−2. While im-
posing this threshold produces areas that visually trace
luminous galaxy clumps, we note two limitations to this
methodology: 1) no correction for dust attenuation is
applied, as estimates of the UV slope β are available for
only a subset of the sample and 2) we do not account
for effects of galaxy inclination i, given the uncertainties
of estimating i for clumpy objects with angular sizes ∼
6 As the Heckman (2002) threshold is only approximate, and was
calculated assuming a Salpeter (1955) IMF, we adopt the same IMF
in converting from luminosity to SFR.
6Fig. 4.— Top three panels: Individual LRIS spectra exhibiting a range in continuum S/N. The 1σ error spectrum is plotted for each
object on the same scale. In each panel, the S/N per pixel measured over 2400–2500 A˚ is indicated in the upper right-hand corner. We note
that Fe II and Mg II absorption lines are detected in objects with a variety of S/N values. Bottom: A composite spectrum assembled from
all EGS spectra (S/N = 39.1 pixel−1), with emission and absorption lines of interest labeled. The inset shows a histogram of continuum
S/N ratios, where 〈S/N〉 ∼ 6.7 pixel−1.
0.′′5. Increased dust and higher i will both act to reduce
the measured luminosity.
While the unknowns of dust attention and inclination
translate into uncertainties in the derived galaxy area
(and consequently in ΣSFR), there is a more fundamen-
tal limitation to adopting the aforementioned methodol-
ogy: the available V -band imaging ceases to trace below
rest-frame 2800 A˚ – the edge of the window over which
the Kennicutt (1998) conversion is valid – for galaxies at
lower redshifts (z < 1.10; 32 objects). For these compa-
rably closer objects – comprising ∼ 60% of the sample
– the Kennicutt (1998) relation between LUV and SFR
cannot be applied.
It was accordingly necessary to develop a new tech-
nique for estimating areas of the entire sample, irrespec-
tive of redshift. To this end, we focused on characterizing
the areas of the higher redshift galaxies in the sample (z
> 1.10; 24 objects) for which the V -band imaging does
trace rest-frame 1500–2800 A˚. For each of these objects,
we noted the area calculated using the methodology de-
scribed above and the threshold 0.1 M⊙ yr
−1 kpc−2. We
then sought to parametrize these physically-motivated
areas as containing a simple percentage (N) of the to-
tal flux within the Petrosian radius, RP. This technique
7Fig. 5.— V -band thumbnails of the 56 objects with HST imaging, ordered by ascending redshift. Each postage stamp is 6′′ on a side
and oriented with North up and East to the left. Note the clumpy morphologies and discrete star-forming clumps of many objects. At the
mean redshift of the sample, 〈z〉 = 0.99, the V -band traces ∼ 3000 A˚ in the rest-frame.
enabled us to estimate an average value for N and then
apply this value uniformly to both the higher and lower
redshift galaxies.
We found that, with the exception of several diffuse
disks and extremely compact spheroids, the majority of
objects required N = [40–80]. The median of the sam-
ple was N = 74; we adopted this value as representa-
tive of the fractional flux within RP that traced regions
of intense star formation. For each galaxy with HST
imaging, we calculated the area derived by adding flux-
ordered pixels, brightest first, until the enclosed flux was
74% of the total flux within RP
7. This method permits a
single, systematic area calculation (A74) for each galaxy
independent of redshift while still being based on the
physical grounding of a surface brightness threshold. We
make the implicit assumption that N does not vary sig-
7 Two objects were excluded from this analysis (12008364 and
12015792), given that their surface brightness levels were too low
to measure RP.
nificantly over the range of look-back times probed by
our sample.
We find that areas calculated using this new technique
are, on average, a factor of 3.7 smaller than the areas in-
ferred from the V -band Petrosian radii: A74 ∼ piR2P/3.7.
As seen in Figure 9, A74 appears to closely trace lumi-
nous clumpy regions8 while the Petrosian area consis-
tently overestimates the area likely associated with star
formation. We consequently favor the adoption of A74
over piR2P, although we use both area estimates below in
tandem with derived SFRs in order to calculate ΣSFR.
Given the strong correlation between A74 and piR
2
P, we
note that our primary results remain unchanged regard-
less of which area estimate is adopted (Section 5). While
the initial motivation for calculating A74 was to isolate an
area measurement distinct from, and uncorrelated with,
8 The HST resolution, while excellent, is finite (FWHM ∼ 0.′′1),
so these areas represent upper limits.
8Fig. 6.— Histogram of SFRs, assuming a Chabrier (2003) IMF.
The sample is characterized by a mean value of 〈SFR〉 = 19 M⊙
yr−1.
piR2P, our finding that these two area estimates are in
fact strongly linked is evidence that the structural mor-
phologies of the galaxies in the sample are rather similar.
If the light distributions of the galaxies were widely dis-
parate, we would not expect that galaxies with larger
Petrosian areas would also have larger A74 areas while
galaxies with smaller piR2P would likewise have smaller
clump areas. We verified that the correlation between
piR2P and clump area holds for a variety of N values.
3.3. Star-Formation Rate Surface Densities
With two estimates of galaxy area (A74 and piR
2
P) and
one estimate of SFR, we calculated the star-formation
rate surface densities of the sample. We define two ΣSFR
quantities, depending on which area measurement we
adopt:
ΣSFR(A74) = SFR/A74 (2)
ΣSFR(RP) = SFR/piR
2
P (3)
Figure 10 shows the distributions of ΣSFR(A74) and
ΣSFR(RP). Irrespective of the area measurement as-
sumed, most objects have star-formation rate surface
densities above the local threshold of 0.1 M⊙ yr
−1 kpc−2
thought to be necessary for driving an outflow (Heckman
2002). While this is by construction for ΣSFR(A74), the
fact that greater than 70% of objects also have ΣSFR(RP)
> 0.1 M⊙ yr
−1 kpc−2 leads to the prediction that if a
threshold ΣSFR is the sole requirement for driving an out-
flow, the majority of objects ought to exhibit blueshifted
Fe II features. Of course, other factors such as local en-
vironment, halo mass, galaxy escape speed, and viewing
angle, as well as the S/N of the data, may strongly influ-
ence the observed fraction of galaxies hosting winds. As
discussed above, we do not correct A74 areas for either
dust or inclination effects. We find kinematic evidence
for 1σ significant outflows based on Fe II absorption lines
in 40% of the sample (Section 4.2), although we note that
the Mg II features often exhibit strong blueshifts of their
centroids and blue wings even when the Fe II lines do
not (Section 6).
4. MODELING ABSORPTION LINES
4.1. Systemic Redshift
Spectral analysis of outflowing gas requires an accu-
rate determination of systemic redshift, zsys. Nebu-
lar emission lines such as [O II] λλ3726/3729, [O III]
λλ4959/5007, and the Balmer series trace star forming
regions and are consequently assumed to be at rest with
respect to a galaxy’s center of mass. While both the
DEIMOS and LRIS spectral datasets are inclusive of neb-
ular features, it is preferable to calculate zsys from the
LRIS spectra in order to ensure constancy in both slit po-
sition angle and spatial sampling for the zsys and outflow
measurements. We constructed a linear, S/N-weighted
sum of three template spectra – post-starburst, old stel-
lar population absorption line, and emission line – and
used the DEEP2 IDL pipeline to compare the template
spectrum with each science spectrum. In the estimation
of systemic redshifts, only lines with rest wavelengths
longer than 3000 A˚ were fit in order to exclude bluer
features tracing winds. The χ2 of the fit was minimized
according to redshift, and a best-fit zsys was extracted.
For 63/72 objects (∼ 90%), it was possible to extract zsys
from the LRIS spectra. For the nine objects in the sam-
ple without [O II] spectral coverage in the LRIS data, zsys
was calculated from the DEIMOS spectra using the same
technique. In comparing measurements of zsys with those
given for the DEIMOS data in the DEEP2 catalogs, we
find a mean discrepancy and standard deviation of 〈δz〉
= 9 × 10−5 (16 km s−1) and σδz = 2.6 × 10−4 (42 km
s−1), respectively. These results are consistent with the
values obtained when considering the entire LRIS sample
(Martin et al. 2012).
4.2. Fitting Lines – Fe II Centroids
Simulations of galactic winds suggest that multiple
fronts of outflowing material are present along any one
sightline (e.g., Fujita et al. 2009). While fitting several
outflow components simultaneously would in principle
provide the best diagnostic of these superimposed winds,
the finite spectral resolution and S/N of observations
typically limit fitting to a single wind component that
is assumed to trace the integrated bulk motion of the
outflow. The measurements we present here, which de-
rive from and are discussed more fully in Martin et al.
(2012), make the approximation of a single outflow ve-
locity. Furthermore, we do not decompose the observed
absorption profile into both a wind component and an
absorption trough at the systemic velocity, where the lat-
ter may arise from stationary material present in stellar
atmospheres or in the surrounding interstellar medium.
Several recent outflow studies have modeled absorption
lines as arising from the sum of wind and systemic com-
ponents (Weiner et al. 2009; Chen et al. 2010; Coil et al.
2011), although the implementation of such a technique
is strongly dependent on the quality of the spectroscopic
data. Steidel et al. (2010) note that the limited resolu-
tion and finite S/N of typical spectroscopic observations
9Fig. 7.— Comparison of two SFR indicators: a UV-corrected
SFR (SFRUV,corr, where the dust correction is inferred from UV
colors) and a SFR inferred from the sum of 24µm data and uncor-
rected UV observations: SFR (f24µm + LUV). The units of SFR
areM⊙ yr−1. The bold crosses indicate the 17 EGS objects in this
paper with robust 24µm data and the smaller crosses mark objects
in the larger DEEP2 EGS parent sample. Data in the interval 1 <
SFR (f24µm + LUV) < 100, the approximate range of SFRs mea-
sured in this paper, have been used to calculate the best-fit line
(y = 0.73x + 0.25). The good agreement between SFRUV,corr and
SFR (f24µm + LUV), σ ∼ 0.4 dex, supports adopting SFRUV,corr
given the relatively small number of objects with 24µm data.
at z = 1–3 often preclude fitting a more complex model
than a single absorption profile. In light of the S/N of
our data, we do not apply a correction for material at the
systemic velocity9. The outflow velocities presented here
are accordingly conservative lower limits (Martin et al.
2012).
In Martin et al. (2012), we fit a single-component
model simultaneously to five resonance Fe II lines at
2249.88, 2260.78, 2344.21, 2374.46, and 2586.65 A˚ in
the LRIS spectra. These lines trace cool (T < 104
K) gas. Upon absorbing a resonance photon at one of
these five wavelengths, the Fe II ion can decay by ei-
ther emitting a photon of equal wavelength as the one
it just absorbed (scattering) or emitting a photon to in-
termediate fine-structure levels (fluorescence). The pres-
ence of these fine-structure levels ensures that the reso-
nance absorption lines are not simply filled in with scat-
tered re-emitted resonance photons (“emission filling”;
Prochaska et al. 2011). The Fe II features at 2382.76 and
2600.17 A˚ are more susceptible to emission filling due to
their dearth of alternate decay paths (Prochaska et al.
9 As the majority of the sample is composed of actively star-
forming galaxies, stellar absorption in the Fe II and Mg II lines is
assumed to be minimal (e.g., Bruzual & Charlot 2003). While ob-
jects with U–B colors between the red sequence and the blue cloud
(i.e., “Green Valley” galaxies) may experience substantial stellar
Mg II absorption, we have verified that our results are qualitatively
unchanged when the ten Green Valley galaxies in our sample are
omitted from analyses.
2011, Martin et al. 2012b, in prep.) and we purposefully
omit these lines from fitting as emission filling can shift
the measured centroid of absorption lines to bluer wave-
lengths (e.g., Prochaska et al. 2011). The Mg II features
at λλ2796/2803 are particularly affected by emission fill-
ing as these transitions have no fine-structure levels; in
the absence of dust extinction, all absorbed resonance
photons are re-emitted to the ground state. We accord-
ingly do not measure the centroids of Mg II absorption
but instead develop a method to parameterize the blue
wing of the absorption profile (Section 4.3).
The model fit to the Fe II lines has four free param-
eters: Doppler shift, column density, Doppler width (b,
where b =
√
2σ = FWHM/2
√
ln2), and covering frac-
tion. Due to the low spectral resolution and finite S/N
of the observations, the Doppler shift fit to the five Fe II
lines is the primary quantity of interest; the other three
parameters of the model will not be discussed in this pa-
per. We measured velocities for 61/72 objects, where 11
objects had no significant absorption lines and therefore
could not be modeled, and find velocities ranging from
–217 km s−1 to +155 km s−1 with a mean of –16 km
s−1 and a 1σ dispersion of 82 km s−1 (Figure 11). This
range and mean are similar to the values measured for
the entire LRIS sample (Martin et al. 2012). We define
here the convention of employing “V1” to refer to the
measured velocity shift of the deepest part of the Fe II
absorption line fit, relative to a systemic reference frame
defined by [O II] and Balmer emission lines. Negative
V1 values refer to blueshifts (“outflows”) while positive
V1 values correspond to redshifts (“inflows”). Fe II ve-
locity shifts significant at the 1σ (3σ) level are observed
in ∼ 40% (10%) of the sample (Figure 12). Within the
sample of objects with 1σ (3σ) outflows, 〈V1〉 = –93 km
s−1 (–130 km s−1). We can also parameterize the sample
by stating what percentage of objects exhibit outflows at
a certain threshold velocity (Martin et al. 2012). The
1σ error associated with the each object’s velocity can
be taken as the standard deviation of a Gaussian proba-
bility distribution for the outflow velocity of the object.
Using these probability distributions, we calculated the
fraction of objects in the sample having blueshifts of at
least –40 km s−1 (i.e., the systemic redshift uncertainty;
Section 4.1). We estimated errors on the outflow frac-
tion via bootstrap resampling. We find that 40 ± 5%
of objects show outflows with blueshifts of at least –40
km s−1. The outflow characteristics of the EGS objects
presented in this paper are consistent with the properties
of the parent sample discussed in Martin et al. (2012).
While the blueshifted signature of outflowing gas has
been observed at a range of look-back times and in a vari-
ety of galaxy types (e.g., Steidel et al. 1996; Franx et al.
1997; Pettini et al. 2000, 2001; Shapley et al. 2003;
Martin 2005; Veilleux et al. 2005; Rupke et al. 2005;
Tremonti et al. 2007; Weiner et al. 2009; Steidel et al.
2010; Coil et al. 2011), detections of redshifted inter-
stellar absorption lines – i.e., gas inflows – are much
more elusive (Coil et al. 2011; Giavalisco et al. 2011;
Rubin et al. 2012). We defer a discussion of individual
objects in our sample showing redshifted absorption lines
to our accompanying demographics paper (Martin et al.
2012).
In objects with blueshifted Fe II profiles, we still ob-
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Fig. 8.— Top left: SFR versus stellar mass, where the small background points indicate EGS galaxies at 0.63 < z < 0.90 without LRIS
follow-up and colored crosses mark galaxies observed with LRIS, divided into two redshift bins. Top right: Same as the plot on the left,
for the redshift interval 0.90 < z < 1.35. We note that the data presented in this paper have stellar masses and SFRs consistent with the
parent DEEP2 sample. Bottom: Stellar mass versus sSFR, where symbols are as above.
serve significant absorption at the systemic velocity of
the galaxy. These absorption profiles are similar to
those presented in Weiner et al. (2009) and Rubin et al.
(2010) and are distinctly different from those appearing
in Tremonti et al. (2007). The massive post-starburst
galaxies at z ∼ 0.6 in the Tremonti et al. (2007) sample
exhibit Mg II velocities ranging from 500-2000 km s−1,
where the profiles of Mg II are blueshifted enough as to
nearly eliminate any residual absorption at zsys. It is ev-
ident that the systems presented in this work represent
a more typical star-forming population than the galaxies
discussed in Tremonti et al. (2007).
4.3. Maximal Outflow Velocity
While outflow velocities can be measured from the cen-
troids of Fe II absorption lines, as discussed above, an-
other complementary technique widely used for param-
eterizing outflow velocities utilizes the Mg II doublet
features at 2796.35 and 2803.53 A˚ (Weiner et al. 2009;
Giavalisco et al. 2011; Rubin et al. 2012). As the Mg II
transitions are resonantly trapped – such that no decay
paths exist other than the re-emission of resonance pho-
tons – these absorption lines are highly susceptible to
filling from resonance emission lines. In the presence of
a net outflow of gas, this filling shifts the centroid of
Mg II absorption to bluer wavelengths due to the sum of
blueshifted and redshifted emission preferentially filling
in the absorption around the systemic velocity. The most
meaningful velocity measurements of Mg II are therefore
those made largely independently of the Mg II centroid.
We quantify shifts in Mg II using a technique reliant on
the profile of the blue side of the 2796 A˚ feature; we do
not use the 2803 A˚ feature as it may be contaminated
by emission from the 2796 A˚ line. We adopt a method-
ology similar to the V10% measurement of Weiner et al.
(2009), as described in Martin et al. (2012). Firstly, we
isolate the minimum of the 2796 A˚ trough and proceed
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Fig. 9.— V -band HST thumbnails, 6′′ on a side, are shown for a subset of 12 objects to illustrate the A74 clump areas derived in Section
3. These 12 objects were chosen as representing a diversity of clump areas, from compact, contiguous areas to more diffuse, segmented areas.
Petrosian radii are plotted as black circles while the clump areas are shown as white contours. The ratio between the areas – piR2
P
/A74 –
is indicated in the lower right of each thumbnail. The lower plot compares the piR2P and A74 areas for the sample, where 〈piR
2
P/A74〉 ∼
3.7. We note that the strong correlation between the Petrosian area and the clump area explains the similar results obtained with the two
ΣSFR measurements (Section 5).
to shorter wavelengths until the sum of one pixel and
its uncertainty, σ, is greater than a threshold value de-
fined by the data’s continuum S/N: 1.0 - 1.0S/N . We record
the wavelength value at which this threshold is first met,
perturb the science spectrum by a value drawn from a
Gaussian distribution of width σ, and repeat the same
procedure a total of 1000 times. We iteratively compute
the average of these 1000 wavelengths excluding outliers
and adopt this value as the maximal outflow velocity of
Mg II, Vmax(Mg II). We measure an analogous maximal
outflow velocity for the Fe II 2374 A˚ feature using the
same technique, Vmax(Fe II). We choose to utilize the
2374 A˚ feature over other Fe II lines given that the blue
wings of other Fe II features are often contaminated by
neighboring absorption lines; the only feature close to
the blue side of the 2374 A˚ line is a fine-structure Fe II∗
emission line at 2365 A˚ (–1124 km s−1).
We report maximal outflow velocities only for com-
posite spectra, in light of the following limitations of
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Fig. 10.— Distributions of star-formation rate surface densities
ΣSFR(A74) and ΣSFR(RP), where these quantities are calculated
using SFR and either A74 or piR2P. Greater than 70% of objects
have ΣSFR(RP) > 0.1 M⊙ yr
−1 kpc−2, the local threshold for
driving an outflow (Heckman 2002). The two objects with the
highest ΣSFR(A74) and ΣSFR(RP) – 12015914 and 12100420 – are
both extremely compact galaxies with A74 (piR2P) areas of ∼ 3 (10)
kpc2.
the maximal outflow velocity technique. Firstly, only
resolved absorption lines will yield meaningful maximal
outflow velocities, given that unresolved absorption lines
simply reflect the instrumental profile as opposed to the
intrinsic distribution of gas kinematics. Secondly, as dis-
cussed above, maximal outflow velocities are strongly
dependent on the S/N of the spectroscopic data, with
higher S/N data showing more blueshifted values. The
uniformly high S/N of the composite spectra (27–39
pixel−1) ensure that the effects of differential S/N are
largely mitigated. We measure Vmax(Mg II) ranging
from [–605, –855] km s−1 while Vmax(Fe II) varies from
[–444, –614] km s−1. The typical FWHM of the Mg II ab-
sorption lines is 665 km s−1, significantly larger than the
instrumental resolution (FWHM = 435 km s−1). There-
fore, the Mg II lines are resolved and yield meaningful
Vmax(Mg II) measurements.
5. RESULTS
With measurements of the star-forming and structural
properties of the sample, we now turn to examining the
correlations between these parameters and outflow ve-
locity. We focus here on galaxy properties inferred from
the ancillary data of the EGS (morphology, inclination,
SFR, sSFR, ΣSFR, etc.). A discussion of how outflows
relate to galaxy parameters such as stellar mass, color,
redshift, and luminosity measured for all objects in the
parent DEEP2 sample appears in Martin et al. (2012). A
comparison of the kinematics of lines tracing high- and
low-ionization interstellar features will also be presented
in an upcoming paper (Shapley et al., in prep.).
We adopt two complementary techniques when pre-
Fig. 11.— Histogram of outflow velocities measured from fitting
Fe II interstellar absorption lines. Outflows (negative V1 values)
are seen at the 1σ level in ∼ 40% of the sample. A non-negligible
fraction of objects (∼ 25%) show positive Fe II velocities at the 1σ
level. The sample as a whole is characterized by 〈V1〉 ∼ –16 km
s−1, with a 1σ scatter of 82 km s−1.
senting the data: 1) direct comparison of individual out-
flow velocities with galaxy properties and 2) the con-
struction of composite spectra based on subsamples of
objects exhibiting similar star-forming or structural char-
acteristics. These methods are both useful in that the
former enables ones to draw conclusions about specific
objects while the latter produces high S/N spectra from
which global, averaged trends can be inferred across the
sample as a function of a single property. In Table 1,
we present a summary of the data including redshift,
luminosity, color, stellar mass, SFR, dust attenuation,
areal measurements, and outflow velocity. Summaries of
outflow velocities and correlation coefficients appear in
Tables 2 and 3.
We focus on results from the resonance Fe II and Mg II
absorption features, using outflow velocities measured
from both the centroids and blue wings of these lines.
At the end of this section, we present basic analyses of
the strength of Mg II absorption. Forthcoming papers
will include a more thorough discussion of both Mg II
and fine-structure Fe II∗ emission (Kornei et al. 2012b,
in prep. and Martin et al. 2012b, in prep.).
5.1. Star Formation and Outflows
The relationship between SFR and outflow velocity
is one of the most commonly investigated correlations
in the study of outflows (e.g., Martin 2005; Sato et al.
2009; Weiner et al. 2009; Rubin et al. 2010). Martin
(2005) compiled data from a variety of local ULIRGs,
LIRGs, and starburst dwarfs spanning four decades in
SFR and showed that outflow velocity is related to SFR
as V ∝ SFR0.35. While this trend is consistent with
the canonical picture of galactic-scale outflows arising
from the combined effects of stellar and supernovae winds
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(Leitherer & Heckman 1995; Veilleux et al. 2005), recent
studies probing more limited ranges in SFR have of-
ten failed to reproduce the Martin (2005) correlation
(Rupke et al. 2005; Steidel et al. 2010; Law et al. 2012b).
As the V ∝ SFR0.35 relation flattens for galaxies with
SFRs & 10–100M⊙ yr
−1 (Martin 2005) – the very inter-
val probed by most investigations – Rupke et al. (2005)
propose that the bulk of studies simply do not span a
large enough SFR interval to unambiguously detect a
trend. The inclusion of low-SFR dwarf galaxies with low
outflow velocities may be necessary for detecting a corre-
lation between outflow velocity and SFR (Heckman et al.
2011). Weiner et al. (2009) examined the Mg II doublet
in a sample of DEEP2 galaxies at z = 1.4 and found a
dependence of outflow velocity on SFR consistent with
the result from Martin (2005). This result is surprising
given that the Weiner et al. (2009) sample spans a much
more limited SFR interval (∼ 7–180 M⊙ yr−1) than the
0.1–1000M⊙ yr
−1 range of Martin (2005). Weiner et al.
(2009) employed two different techniques to parametrize
the velocity of outflowing Mg II: a “median velocity”
containing 50% of the absorption and a “maximal ve-
locity” where the outflow crosses 10% or 25% absorp-
tion. The median velocity method is most akin to the
centroid technique used in this paper and in other re-
cent studies of outflows (Rubin et al. 2010; Steidel et al.
2010; Krug et al. 2010; Law et al. 2012b) while the max-
imal velocity is similar to our Vmax(Mg II) measurement.
Relying on composite spectra, Weiner et al. (2009) found
that SFR was correlated with the 10% maximal velocity
of Mg II such that V ∝ SFR0.38. These authors did
not find a significant trend between SFR and the Mg II
median velocity. In the analyses below, we employ the
Spearman ρ correlation test to examine how well vari-
ables are correlated. We report the Spearman rank-order
correlation coefficient, rS , and the number of standard
deviations from the null hypothesis that the quantities
are uncorrelated.
5.1.1. Individual Measurements
In the left panel of Figure 13, we plot V1 versus SFR.
We do not find a significant correlation (rS = –0.17; 1.2σ
from the null hypothesis) between SFR and V1 across
the sample, although this is not unexpected given the
limited range in SFR probed by the data (∼ 1–97 M⊙
yr−1; Rupke et al. 2005; Steidel et al. 2010; Law et al.
2012b), the small sample size, the S/N of the data, and
the fitting method used for measuring outflow velocities
(centroid fitting of Fe II). The three objects with the
highest SFRs (> 75 M⊙ yr
−1) show small Fe II blueshifts
(V1 > –65 km s
−1); we propose that the sample’s small
dynamic range in SFR, the limited number of objects
considered, the lack of high-resolution spectroscopy, and
the methodology of employing centroid measurements of
Fe II may all contribute to this result.
We observe a weak correlation between sSFR and V1
outflow velocity (Figure 13, right): rS = –0.33; 2.3σ from
the null hypothesis. As sSFR is a ratio between SFR
(where higher values should produce stronger winds) and
stellar mass (where larger values should hinder winds, as-
suming that the gravitational potential energy of a sys-
tem increases with increasing stellar mass), one would
expect that sSFR is a tracer of both the energetics and
Fig. 12.— A graphical representation of outflows and inflows, for
the 61 objects with measured velocities. The y-axis is the measured
Fe II outflow velocity modulated by its 1σ uncertainty, where the
uncertainty was added to the velocity for objects showing outflows
(V1 < 0 km s−1) and subtracted from objects exhibiting inflows (V1
> 0 km s−1). With the Fe II outflow velocity as the x-axis, the plot
divides into quadrants: objects with significantly detected outflows
cluster in the lower left (blue points) and galaxies with significantly
detected inflows appear in the upper right (red points).
gravitational potential of a galaxy and should therefore
correlate with the observed velocity of winds. While
Chen et al. (2010) do not find a trend between sSFR
and either outflow velocity or the equivalent width of
the outflow component in a large sample of Sloan Digi-
tal Sky Survey (SDSS; York et al. 2000) galaxies at z ∼
0.1, these authors hypothesize that the lack of correlation
with the strength of the outflow component may be due
to the effects of dust shielding on the particular atomic
species used to trace winds at low redshift. Rubin et al.
(2010) also fail to find a trend between sSFR and out-
flow velocity at z ∼ 1.4, although these authors draw
their conclusions solely based on co-added spectra10.
While Prochaska et al. (2011) caution that stacked spec-
tra show only a smeared version of the original emission
and absorption features present in the component spec-
tra, we find that the composite spectra discussed below
reflect the trends of the individual measurements. There-
fore, the fact that Rubin et al. (2010) do not observe a
trend between sSFR and outflow velocity is more likely
a result of the low S/N of their data rather than a direct
consequence of relying on co-added spectra.
We find the strongest trend with V1 outflow velocity
when SFR is normalized by a representative galaxy area.
10 These stacked spectra have typical S/N values of 6.0 per pixel,
comparable to our individual spectra (Figure 4).
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Fig. 13.— Left: V1 outflow velocity versus SFR. Objects with 3σ detected outflows and inflows are indicated in blue and red, respectively.
The grism and grating pair used in the LRIS observations is noted and the SFRs of objects without measured velocities (due to poor
spectral signal-to-noise) appear along the x-axis. In the lower right, we indicate the significance level of the correlation. There is not a
strong trend between SFR and outflow velocity in our sample, possibly due to the limited range in SFR probed by the data (∼ 1–100 M⊙
yr−1; Rupke et al. 2005; Steidel et al. 2010; Law et al. 2012b). Right: V1 outflow velocity versus sSFR, where a correlation is observed
between V1 and sSFR at the 2.3σ (rS = –0.33) level. Symbols are the same as in the V1 versus SFR plot.
Star-formation rate surface densities – both ΣSFR(A74)
and ΣSFR(RP) – exhibit pronounced trends with V1 out-
flow velocity (Figure 14). Both ΣSFR(A74) and V1 and
ΣSFR(RP) and V1 are correlated at the 2.4σ level with rS
= –0.40. Omitting two extremely compact galaxies with
uncertain area measurements yields 3.1σ measurements
from the null hypothesis and correlation coefficients of
rS = –0.54 for both ΣSFR(A74) and ΣSFR(RP). Such
strong trends have not yet been reported in the liter-
ature at high redshift; Rubin et al. (2010) noted only
a 1σ correlation in a sample of 468 galaxies at 0.7 <
z < 1.5, Steidel et al. (2010) also found a 1σ correla-
tion for 81 galaxies at z ≃ 2, and Law et al. (2012b)
reported a 2.1σ correlation for 35 optically-selected star-
forming galaxies at z = 1.5–3.6. However, the galaxy
areas employed in the ΣSFR calculations of Rubin et al.
(2010), Steidel et al. (2010), and Law et al. (2012b) cor-
respond to half-light radii at rest-frame ∼ 2200 A˚, the
extent of Hα emission, and circularized effective radii,
respectively. Given the clumpy distribution of star for-
mation in distant galaxies (Lotz et al. 2008; Law et al.
2012b), these areas may be overestimates of the regions
corresponding to star-formation (Rubin et al. 2010)11.
Furthermore, the Steidel et al. (2010) measurements are
from ground-based data which are seeing-limited. The
Law et al. (2012b) observations, while probing the bulk
of the stellar mass with H -band (rest-frame optical) HST
imaging, approximated the areas of clumpy galaxies by
adopting the circularized effective radius of the brightest
clump as representative of the size of the entire galaxy.
This technique results in overestimates of ΣSFR, given
that the areas of fainter clumps are neglected. In a more
local sample of SDSS galaxies at z ∼ 0.1, Chen et al.
(2010) found no correlation between outflow velocity and
11 Simply overestimating galaxy areas is not sufficient to negate a
trend with outflow velocity, however, since we find equally strong
correlations with outflow velocity utilizing both ΣSFR(A74) and
ΣSFR(RP).
ΣSFR. These authors note that the small dynamic range
of their data (outflow speed = [120–160] km s−1) may ob-
scure trends. When we limit our sample to only objects
showing outflows (V1 < 0 km s
−1), we find that star-
formation rate surface density and V1 are correlated at
the∼ 1σ level (for both area measurements). We propose
that inflows and outflows represent a continuum of gas
cycling and therefore correlations with galaxy properties
should be investigated inclusive of both redshifted and
blueshifted gas. While SFR and ΣSFR(A74) are weakly
correlated, at the ∼ 2.3σ level (rS = 0.37), we suggest
that the scatter in the V1 versus ΣSFR(A74) relation pre-
vents a similar correlation from being seen in the plot
of V1 versus SFR. All objects with 3σ detections of out-
flows have ΣSFR(RP)> 0.1 M⊙ yr
−1 kpc−2, in agreement
with the ΣSFR threshold proposed by Heckman (2002).
These objects with secure detections of outflows further-
more all have SFR > 10 M⊙ yr
−1, although we hypoth-
esize that the ΣSFR threshold is more fundamental given
the stronger correlation of outflow velocity with ΣSFR
than with SFR. The trend between outflow velocity and
star-formation rate surface density supports the theory
that the shifts of absorption lines are due to gas flows
as opposed to galactic rotation. The observation that
the kinematic shear of [O II] emission is systematically
smaller than the shifts observed in the resonance Fe II
lines lends further credence to the assertion that gas flows
are primarily responsible for the observed absorption line
shifts.
Using the outflow fraction methodology discussed in
Section 4.2, we find that 26 ± 8% of the low-ΣSFR(A74)
sample shows outflows with blueshifts of at least –40 km
s−1. In contrast, 48 ± 9% of the high-ΣSFR(A74) shows
outflows at the same level. When the two galaxies with
uncertain area measurements are removed from the high-
ΣSFR(A74) sample, the outflow fraction increases to 54
± 9%. The significant difference in outflow fraction be-
tween the low- and high-ΣSFR(A74) samples is consistent
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Fig. 14.— Left: V1 outflow velocity versus ΣSFR(A74), where symbols are as in Figure 13. A correlation at the 2.4σ level (rS = –0.40) is
observed between V1 and ΣSFR(A74), where objects with larger ΣSFR show larger blueshifts in their Fe II lines. Right: V1 outflow velocity
versus ΣSFR(RP). All objects with 3σ detections of outflows have ΣSFR(RP) > 0.1 M⊙ yr
−1 kpc−2, in agreement with the ΣSFR threshold
proposed by Heckman (2002). A 2.4σ correlation (rS = –0.40) is observed between V1 and ΣSFR(RP). When the two outliers at the highest
ΣSFR are removed from the sample – objects 12015914 and 12100420 with extremely compact morphologies – trends at the 3.1σ level (rS
= –0.54) are observed for both ΣSFR estimates. Law et al. (2012b) observed a 2.1σ correlation between outflow velocity and ΣSFR in a
sample of 35 star-forming galaxies at z ∼ 2, although other authors have noted weaker correlations (Rubin et al. 2010; Steidel et al. 2010).
both with the measurements from individual objects pre-
sented above and our findings based on composite spec-
tra, discussed below.
5.1.2. Composite Spectra
We constructed composite spectra from the binary
division of data sorted according to SFR, sSFR,
ΣSFR(A74), ΣSFR(RP), AUV, and i. We measured the
shifts of the Fe II interstellar absorption lines in the com-
posites using the same techniques employed for the in-
dividual spectra (Section 4.2). We also measured maxi-
mal outflow velocities in both Mg II and Fe II for these
composites. While the robustness of the velocity mea-
surements benefit from the increased S/N of the stacked
composites, it is important to remember that relying
on composite spectra only reveals the global, averaged
trends across the sample.
Below, we discuss three measurements for each com-
posite spectrum: V1, Vmax(Mg II), and Vmax(Fe II).
While the magnitudes of the V1 shifts are not large, we
emphasize that it is the difference in V1 between com-
posite spectra that is primary interest; the apparent de-
tections of inflows and outflows in individual composites
may be spurious given the velocity uncertainties of the
LRIS data. The results implied by V1 and Vmax(Fe II) are
corroborated by Vmax(Mg II), where shifts in the Mg II
lines are often visually obvious in the data.
In the top row of Figure 15, we compare high- and
low-SFR composites and focus on the wavelength inter-
vals around Fe II and Mg II (2370–2400, 2570–2650, and
2760–2840 A˚). The strengths of the Fe II features are
similar in both composites, although we find that the
high-SFR composite (〈SFR〉 = 32 M⊙ yr−1; extrema of
[12, 97] M⊙ yr
−1) exhibits a V1 blueshift of –24 ± 9 km
s−1 while the low-SFR composite (〈SFR〉 = 7 M⊙ yr−1;
extrema of [1,11] M⊙ yr
−1) is best-fit with a model of red-
shifted gas with positive velocity 29 ± 11 km s−1. These
results are in the same sense as the trend of vigorously
star-forming objects showing more pronounced outflows
than lower SFR systems (Martin 2005). The SFR com-
posites differ significantly in Mg II strength, with larger
SFR objects showing deeper absorption on average. The
centroids of the Mg II features are blueshifted in both
the high- and low-SFR composites, so systemic absorp-
tion is not likely responsible for the difference in Mg II
strength. Furthermore, the red wings of the 2803 A˚ fea-
tures are remarkably similar between the two composites,
so it is not immediately apparent that emission filling
is affecting one spectrum more than the other. Since
SFR and stellar mass are correlated (Figure 8), Mg II
strength may depend on stellar mass. We investigate the
correlation between Mg II and stellar mass in Section
5.3. Higher metallicities are expected for more vigorously
star-forming objects (Tremonti et al. 2004; Noeske et al.
2007; Elbaz et al. 2007), although we note that because
the Fe II and Mg II lines are saturated in our study
(based on the differences between the observed lines ra-
tios and those expected according to atomic theory) it
is difficult to determine if metallicity is the driving fac-
tor behind absorption line strength. The kinematics of
Mg II are similar in both composites; the high (low) SFR
composite has Vmax(Mg II) = –748 ± 94 (–614 ± 83) km
s−1. The composites have Vmax(Fe II) measurements of
–514 ± 84 (–453 ± 104) km s−1.
We compare sSFR composite spectra in the bottom
row of Figure 15. As with the SFR composites, there
is minimal variation in the strength of the Fe II reso-
nance features between the high- and low-sSFR compos-
ites. Likewise, we find differences in the Fe II kinemat-
ics between the two composites that are similar to the
shifts seen in the SFR composites: objects with high
sSFR (〈sSFR〉 = 1.9 × 10−9 yr−1; extrema of [1.0 ×
10−9, 5.6 × 10−9] yr−1) exhibit an average blueshift of
–34 ± 9 km s−1 while low sSFR objects (〈sSFR〉 = 4.1
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Fig. 15.— Top: Composites of high and low SFR objects, where the dashed vertical lines indicate the rest-frame wavelengths of resonance
Fe II and Mg II features. We measure V1 values of –24 ± 9 km s−1 for the high-SFR composite (blue line) and 29 ± 11 km s−1 for the
low-SFR composite (red line). The most pronounced spectral differences between the composites are observed around the Mg II feature at
∼ 2800 A˚, where higher SFR objects exhibit deeper Mg II absorption troughs on average. Bottom: Same as above, for composite spectra
assembled from high and low sSFR objects. We measure V1 values of –34 ± 9 km s−1 for the high sSFR composite (blue line) and 27 ±
11 km s−1 for the low sSFR composite (red line). As with the SFR composites, the largest spectral differences are seen around Mg II.
Objects with high sSFR have bluer Mg II centroids and less Mg II absorption than low sSFR objects. A full discussion of Mg II will appear
in forthcoming papers (Kornei et al. 2012b, in prep. and Martin et al. 2012b, in prep.).
× 10−10 yr−1; extrema of [6.5 × 10−11, 9.6 × 10−10]
yr−1) are globally characterized by a Fe II shift of 27 ±
11 km s−1. The larger blueshifts seen in higher sSFR
objects supports the correlation observed in individual
galaxies (Figure 13). The sSFR composites are compa-
rable in Mg II strength but not in kinematics: the high
(low) sSFR composite has Vmax(Mg II) = –605 ± 80
(–834 ± 148) km s−1. The composites are character-
ized by Vmax(Fe II) measurements of –556 ± 94 (–456 ±
86) km s−1. While the sense of the Vmax(Mg II) mea-
surements is contrary to both the V1 and Vmax(Fe II)
results – i.e., objects with larger sSFRs show smaller
Vmax(Mg II) blueshifts than objects with lower sSFRs –
we note that the Vmax(Mg II) measurements of the high-
and low-sSFR composites are consistent at roughly the
1σ level. The large blueshift of Vmax(Mg II) for the low-
sSFR composite may be explained by high-mass objects
preferentially populating the low-sSFR composite. High-
mass objects exhibit deeper and broader Mg II absorp-
tion profiles than low-mass objects (Martin et al. 2012b,
in prep.). Stellar Mg II absorption and emission filling
may also affect the observed profiles; the large differences
in the red wings of the 2803 A˚ features and the blueshift
seen in the Mg II centroids of the high-sSFR composite
argue that emission filling may be present in the high-
sSFR composite.
In Figure 16, we plot composite spectra assembled ac-
cording to ΣSFR. Kinematic shifts between the high-
and low-ΣSFR composites are visually evident and per-
sist irrespective of which galaxy area measurement is
employed. Quantitatively, we find V1 shifts of –31 ±
7 and –25 ± 6 km s−1 for the high ΣSFR(A74) and
ΣSFR(RP) composites, respectively. In contrast, the low-
ΣSFR composites are best-fit with models having shifts
of 44 ± 15 and 33 ± 13 km s−1. These results, con-
sistent with the ∼ 3σ trends observed between outflow
velocity and [ΣSFR(A74), ΣSFR(RP)] on a per-object ba-
sis (Figure 14), are in agreement with theoretical pre-
dictions that a higher density of star formation should
lead to stronger outflows (Leitherer & Heckman 1995;
Veilleux et al. 2005; Murray et al. 2011). However, the
most striking difference between the ΣSFR composites
are the blue wings of the Mg II 2796 A˚ features. We
find visually-obvious shifts in the Mg II doublet between
the high- and low-ΣSFR composites, where objects with
larger star-formation rate surface densities show more
blueshifted Mg II absorption. Furthermore, the entire
blue wing of the 2796 A˚ feature is offset in the compos-
ites, suggestive of actual kinematic differences as opposed
to centroid shifting from emission filling. The composites
of high-ΣSFR objects are characterized by Vmax(Mg II)
= –855 ± 66 km s−1 and –862 ± 69 km s−1, respec-
tively. Conversely, the low-ΣSFR composites have mea-
sured Vmax(Mg II) values of –640 ± 117 km s−1 and
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–668 ± 105 km s−1, respectively. The corresponding
Vmax(Fe II) measurements for the high-ΣSFR compos-
ites are –611 ± 103 km s−1 and –614 ± 97 km s−1, re-
spectively. The low-ΣSFR composites have Vmax(Fe II)
values of –451 ± 86 km s−1 and –444 ± 87 km s−1, re-
spectively. The kinematic differences between the high-
and low-ΣSFR composites are among the largest observed
for any pair of composites (∆Vmax(Mg II) = 215 ± 134
km s−1 and 194 ± 126 km s−1; ∆Vmax(Fe II) = 160 ±
134 km s−1 and 170 ± 130 km s−1).
The kinematic differences between Fe II and Mg II in
the ΣSFR(A74) composites are highlighted in Figure 17.
On the left, the Fe II 2374 A˚ and Mg II 2796 A˚ lines of
the high-ΣSFR(A74) composite are overplotted in veloc-
ity space. The profiles of Fe II and Mg II absorption are
clearly disparate, with the extended blue wing of Mg II
indicative of high-velocity gas not traced by Fe II. On
the right side of Figure 17, the same Fe II and Mg II
transitions are shown for the low-ΣSFR(A74) composite.
In the regime of low-intensity star formation, the profiles
of Fe II and Mg II are much more similar and Mg II does
not exhibit an extended blue wing. These results sup-
port the association of high star-formation rate surface
densities with high-velocity gas, and Mg II is observed
to be better tracer of high-velocity gas than Fe II. In or-
der to better study the trend between outflow velocity
and ΣSFR, we constructed composite spectra from three
bins of ΣSFR(A74). We find that the V1, Vmax(Fe II),
and Vmax(Mg II) measurements are all correlated with
ΣSFR(A74), where objects characterized by higher inten-
sities of star formation have larger centroid and max-
imal outflow velocities (Figure 18). We observe that
Vmax(Fe II) is a smooth function of ΣSFR(A74), while
Vmax(Mg II) appears to reach a maximum at ΣSFR(A74)
= 0.4 M⊙ yr
−1 kpc−2. The relatively coarse pixel sam-
pling of the composite spectra – ∼ 100 km s−1 – is likely
responsible for the plateau of Vmax(Mg II) values. From
the composite spectra, it is evident that the equivalent
width of blueshifted Mg II absorption steadily increases
with increasing ΣSFR(A74).
As previous observations have shown stronger inter-
stellar absorption lines with increasing dust attenuation
(Shapley et al. 2003), indicative of an association be-
tween absorbing outflow material and dust, we investi-
gated the relationship between AUV and outflow velocity.
In composite spectra assembled on the basis of AUV (Fig-
ure 19), we find that objects with higher dust attenuation
exhibit marginally stronger Fe II absorption lines (espe-
cially in the 2344 A˚ feature) and significantly stronger
Mg II absorption. These results support the correla-
tion found by Shapley et al. (2003), where these authors
observed that more attenuated Lyman Break Galaxies
(LBGs) at z ∼ 3 showed deeper interstellar absorption
lines. We find that objects with a variety of attenuation
levels exhibit similar Fe II kinematics (Figure 19); the
centroids of the Fe II lines in the high-AUV composite
(〈AUV〉 = 2.7; extrema = [1.7, 4.2]) are best-fit with a
velocity shift of –3 ± 10 km s−1 while the low-AUV com-
posite (〈AUV〉 = 1.1; extrema = [0.0, 1.7]) shows a shift
of –10 ± 9 km s−1. These measurements are both con-
sistent with no velocity shift. The Vmax(Fe II) measure-
ments of the composites are consistent with each other
within their 1σ errors (–497 ± 88 km s−1 for the high-
AUV composite and –522 ± 91 km s−1 for the low-AUV
composite). Law et al. (2012b) find only a 0.7σ correla-
tion between outflow velocity and E(B–V) in a sample
of 35 star-forming galaxies at z ∼ 2. Within a sample of
local SDSS galaxies, Chen et al. (2010) also find no evi-
dence that attenuation level is linked to outflow velocity.
While the Fe II features of the two AUV compos-
ites show only minimal variation in strength and kine-
matics, the Mg II features are strikingly different be-
tween the high- and low-AUV composites. We find that
more attenuated objects have deeper Mg II absorption
troughs (consistent with a relative lack of emission fill-
ing or stronger absorption in dusty galaxies), Mg II cen-
troids roughly consistent with the systemic velocity, and
Vmax(Mg II) = –732 ± 71 km s−1 while objects with
lower AUV have weaker absorption profiles, more strongly
blueshifted centroids, and Vmax(Mg II) = –652 ± 89 km
s−1. Prochaska et al. (2011) proposed outflow models in
which dust has a pronounced effect on observed wind
profiles: resonantly trapped photons (i.e., those arising
from the Mg II transitions at 2796 and 2803 A˚) have an
increased probability of being absorbed by dust given
their longer path lengths. Our observations support
this hypothesis that Mg II should show more variation
with changing AUV levels than the Fe II transitions that
are not resonantly trapped. However, Prochaska et al.
(2011) note that extreme levels of extinction (τdust ∼ 10)
are necessary in order to measure qualitative changes in
line profiles, although we see this effect at significantly
lower attenuation levels (τdust ∼ 2).
5.2. Trends with Inclination and Morphology
Observations of local starbursts have shown extrapla-
nar outflows emanating perpendicular to galaxy disks
(e.g., Heckman et al. 1990; Lehnert & Heckman 1996;
Cecil et al. 2001; Strickland & Heckman 2009). If this
geometry persists at higher redshifts, one would expect
the measured outflow velocities in the sample to depend
strongly on inclination as the wind becomes increasingly
oriented toward the observer. Studies to date have pri-
marily focused on testing this hypothesis in local sam-
ples, given the advantages of apparent magnitude and
spatial resolution. Chen et al. (2010) used a sample of ∼
150,000 SDSS galaxies and assembled stacks of the Na D
absorption lines on the basis of galaxy inclination mea-
sured from two dimensional de Vaucouleurs (1948) fits to
ugriz data. These authors found a striking correlation of
increasing outflow velocity with decreasing inclination,
consistent with the physical picture of winds escaping
perpendicular to galaxy disks. Similarly, Heckman et al.
(2000) observed 18 local starbursts in the Na D lines and
measured an increase in the fraction of objects exhibit-
ing outflows when the sample was restricted to objects
with i ≤ 60◦. In the high-redshift regime, Weiner et al.
(2009) examined 118 galaxies at z = 1.4 with HST I -
band imaging and extracted minor-to-major axis ratios
(b/a) using SExtractor (Bertin & Arnouts 1996). These
authors did not find a correlation between axis ratio and
wind strength or outflow velocity; Weiner et al. (2009)
propose that the uncertainties on the axis ratios of small,
irregular galaxies imaged in the rest-frame U -band may
be substantial. Law et al. (2012b) looked at 35 optically-
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Fig. 16.— Top: Composite spectra assembled on the basis of ΣSFR(A74). Kinematic shifts between the two composites in the Fe II
resonance lines are evident visually; we find a V1 outflow velocity of –31 ± 7 km s−1 for the high-ΣSFR(A74) composite (blue line) and 44 ±
15 km s−1 for the low-ΣSFR(A74) composite (red line). These pronounced differences are consistent with the strong trend observed between
ΣSFR(A74) and V1 on a per-object basis (Figure 14). The Mg II features show a strong kinematic shift between the composites, with
objects characterized by larger ΣSFR exhibiting more blueshifted Mg II absorption. Bottom: Same as above, for ΣSFR(RP) composites.
The high-ΣSFR(RP) composite is best-fit with a V1 outflow velocity of –25 ± 6 km s
−1 while the low-ΣSFR(RP) composite yields an outflow
velocity of 33 ± 13 km s−1. Objects with higher ΣSFR(RP) also show more strongly blueshifted Mg II features. These results are in the
same sense as the trends seen in the ΣSFR(A74) composites, unsurprising given the multiplicative offset between the A74 and piR
2
P
areas
(Figure 9).
selected star-forming galaxies at z = 1.5–3.6 with b/a
estimated from GALFIT (Peng et al. 2002, 2010) mod-
eling of HST F160W imaging and also found no cor-
relation between outflow velocity and b/a. It is im-
portant to note that these results at high redshift are
much more uncertain than the Chen et al. (2010) and
Heckman et al. (2000) findings, given the very different
spatial resolutions achievable at z = 0 and z ∼ 2. Fur-
thermore, while b/a and inclination are often presumed
to be related by i = cos−1[b/a] (Tully & Fisher 1977),
Law et al. (2012b) caution that this conversion relies
on the thin-disk approximation which may not be valid
for star-forming galaxies with significant vertical veloc-
ity dispersions (Law et al. 2009; Fo¨rster Schreiber et al.
2009). However, in the absence of a significant sample of
high-redshift galaxies for which spatially-resolved veloc-
ity dispersions have been measured, this simple conver-
sion continues to be employed. As some of the objects in
our sample furthermore resemble local star-forming disks
more closely than the clumpy, irregular galaxies at z ∼
2 with large vertical velocity dispersions, the thin-disk
approximation may not be a gross assumption here.
We investigate the relationship between galaxy incli-
nation and outflow velocity using inclinations estimated
from SExtractor (Bertin & Arnouts 1996) axial measure-
ments of summed HST V+I detection images. In Figure
20, we plot outflow velocity versus inclination. While in-
clination estimates for individual objects are likely uncer-
tain by ∼ 10◦ due to measurement error in the rest-frame
Fig. 17.— Comparison of Fe II 2374 and Mg II 2796 profiles in
velocity space, for the high and low ΣSFR(A74) composite spectra.
Note the pronounced variation between the blue wings of the fea-
tures in the high ΣSFR(A74) composite; Vmax(Mg II) is –855 ± 66
km s−1 while Vmax(Fe II) is –611 ± 103 km s−1. HighΣSFR(A74)
systems show gas at high velocity, and this gas is better traced by
Mg II than by Fe II (Section 6). The absorption features at ∼ +770
and ∼ +1000 km s−1 are Mg II 2803 and Fe II 2382, respectively.
UV, highlighting the objects showing ≥ 3σ V1 outflows
reveals that all such five objects have i < 45◦. When we
make a simple division of the data at i = 45◦, we ad-
ditionally find that the sample of more edge-on systems
has 〈V1〉 = 4 ± 15 km s−1 while the sample of predomi-
nantly face-on systems is characterized by 〈V1〉 = –28 ±
20 km s−1. These results are consistent with the physical
picture of a biconical wind profile where outflowing mate-
rial preferentially emanates perpendicular to the galactic
disk. Weiner et al. (2009) investigated the relationship
between outflow velocity and galaxy inclination at z ∼
1.4 using HST imaging, although these authors relied
on observations in a single band (I ). The Weiner et al.
(2009) imaging data are accordingly shallower than ours
by a factor ∼ √2, although we propose that the main
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Fig. 18.— Top: The regions around Fe II 2374 A˚ and Mg II 2796 A˚ are shown for three composite spectra assembled from data ordered
by ΣSFR(A74). With increasing ΣSFR, the blue wings of both the Fe II and Mg II features extend to larger velocities. This is evidence of
the increasing prevalence of high velocity gas with larger ΣSFR. Bottom: We quantify the blue wings of Fe II and Mg II with Vmax(Fe II)
and Vmax(Mg II) measurements. The left panel shows Vmax(Fe II)(diamonds) and V1 (triangles) versus ΣSFR(A74), where the errors bars
on ΣSFR(A74) indicate the 1σ dispersion in each bin. The right panel shows the relationship between Vmax(Mg II) and ΣSFR(A74). In all
cases, more extended wing profiles tracing higher velocity gas are seen in systems with larger star-formation rate surface densities.
reason we find a correlation between inclination and out-
flow velocity while Weiner et al. (2009) do not lies in the
relative S/N ratios of our respective spectroscopic data.
The individual spectra used by Weiner et al. (2009) have
a S/N of ∼ 1 per resolution element near 2820 A˚. Con-
versely, the spectra presented in this paper have a S/N
of ∼ 11 per resolution element in the vicinity of the Fe II
lines. The co-added spectra employed by Weiner et al.
(2009) for the majority of their analyses (although not
inclination) have S/N of 16–28 per resolution element,
while the spectral stacks used in this paper have S/N of
49–68 per resolution element.
We also utilized the statistical power of our sam-
ple in assembling composite spectra of high- and low-
inclination objects, where 〈i〉 = 58◦ and 38◦, respectively.
In Figure 21, we compare these composite spectra and
show thumbnails of the ten highest (lowest) inclination
objects below (above) the composite spectra for visual
reference. While the magnitude of the shifts with respect
to systemic velocity are small in both cases, we do find
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that galaxies with lower inclinations exhibit bluer Fe II
absorption troughs (V1 = –19 ± 9 km s−1) than more in-
clined galaxies (V1 = 28 ± 11 km s−1), qualitatively con-
sistent with the results of Chen et al. (2010). Similarly,
objects with lower inclinations show more blueshifted
Mg II lines (Vmax(Mg II) = –811 ± 140 km s−1) than
more edge-on systems (–692 ± 95 km s−1). Likewise,
the composite of lower (higher) inclination systems are
characterized by Vmax(Fe II) = –557 ± 101 (–464 ± 77)
km s−1.
The morphology of star-forming galaxies hosting out-
flows has only recently been investigated (Martin 2005;
Sato et al. 2009; Weiner et al. 2009; Rubin et al. 2010;
Law et al. 2012b). In the local universe, there is an
implicit bias toward concluding that outflows are pref-
erentially hosted by mergers. As systems with large
SFRs are more likely to exhibit outflows (Martin 2005;
Rupke et al. 2005) and local galaxies with vigorous star
formation are often characterized by disrupted morpholo-
gies indicative of either major or minor mergers (e.g.,
Sanders & Mirabel 1996), an association between merg-
ers and outflows naturally develops. In a study by Martin
(2005) of 18 ULIRGs at 0.04 < z < 0.16 characterized
by merger signatures, these authors found evidence for
neutral gas outflows in 15 systems (> 80%), consistent
with Rupke et al. (2005). At larger redshifts, where vig-
orous star formation and merger morphology appear to
be decoupled (Law et al. 2007; Swinbank et al. 2010),
Sato et al. (2009) still found that outflows traced by
Na D were preferentially hosted by galaxies undergoing
mergers.
We use our sample of z ∼ 1 objects to study the preva-
lence of outflows in systems with large star-formation
rates but a wide range of morphologies. We use quanti-
tative morphological parameters from Lotz et al. (2004)
to investigate the light distributions of galaxies hosting
outflows. We employ the Gini coefficient (G) and the sec-
ond order moment of the brightest 20% of each galaxy’s
flux, M20. Figure 22 shows how objects in (G, M20)
space divide into classical early-type (E/S0/Sa), late-
type (Sb–Irr), and merger candidates (Lotz et al. 2008).
We find that objects exhibiting outflows and inflows span
(G, M20) morphological parameter space; systems clas-
sified as mergers do not appear to drive winds any more
frequently than galaxies classified as E/S0/Sa or Sb–Irr.
Objects with G,M20 values indicative of mergers, in fact,
qualitatively host a relative dearth of outflows and in-
flows compared with other morphological classes. Both
Weiner et al. (2009) and Rubin et al. (2010) also found
no trend between morphology and outflows in popula-
tions of star-forming galaxies.
Law et al. (2012b) studied the prevalence of outflows
with galaxy size. These authors parameterized size us-
ing both the half-light radius along the semi-major axis
(r) and the circularized effective radius (re = r
√
b/a).
Law et al. (2012b) found a > 2σ correlation with both
size estimates, where the smallest galaxies exhibited the
largest interstellar blueshifts with respect to the systemic
frame defined by Hα. In Figure 23, we use our data to
plot outflow velocity versus two size estimates: Petrosian
radius and (A74/pi)
1/2 (the “radius” of the A74 area).
We show the best-fit line derived by Law et al. (2012b),
V = 77r – 342 km s−1, for reference, but note that only
∼ 40% of our sample has Petrosian radii falling in the
same range as the Law et al. (2012b) data. We find no
evidence for a correlation between outflow velocity and
either Petrosian radius or (A74/pi)
1/2.
5.3. Mg II Equivalent Width & Kinematics
Motivated by the range of Mg II absorption strengths
observed in the sample, we investigated the primary
driver of Mg II equivalent width. We estimated the
equivalent width of Mg II by summing flux over the in-
terval 2788–2810 A˚, thereby encompassing both features
of the Mg II doublet. We tested the correlation between
Mg II equivalent width and SFR, stellar mass, sSFR,
AUV, U –B color, ΣSFR(A74), ΣSFR(RP), and inclination,
respectively (Figure 24). Consistent with Martin et al.
(2012), we find that stellar mass and Mg II equivalent
width are the most strongly correlated, at the 4.5σ level
(rS = 0.61). Bordoloi et al. (2011) also note the correla-
tion between Mg II equivalent width and stellar mass in
a sample of COSMOS galaxies at 0.5 < z < 0.9. Stellar
Mg II absorption may be present in objects with large
stellar masses; population modeling is necessary in order
to definitively address the contribution of stellar absorp-
tion.
Among the SFR, sSFR, and AUV composite spectra,
we find two families based on the strength and kinematics
of Mg II. The low-SFR, high-sSFR, and low-AUV com-
posite spectra exhibit weaker, blueshifted Mg II features
with little absorption in the red wings of the lines. On the
other hand, the low-sSFR and high-AUV composite spec-
tra show stronger Mg II absorption at roughly the sys-
temic velocity, with substantial absorption in the lines’
red wings. The high-SFR composite spectrum, with its
strong, blueshifted Mg II absorption, is anomalous in
that appears to be included in both families. We note
that the differences in the Mg II profiles of these SFR,
sSFR, and AUV composite spectra are mainly limited
to the red wings of the lines and are distinct from the
shifting of the blue wings and centroids observed in the
ΣSFR(A74) and ΣSFR(RP) composite spectra. We pro-
pose that objects in the low-SFR, high-sSFR, and low-
AUV composite spectra are dominated by emission filling
while the galaxies populating the low-sSFR and high-
AUV composite spectra experience significant systemic
absorption. Furthermore, since stellar mass is correlated
with SFR, sSFR, and AUV, the variation in Mg II prop-
erties seen in the SFR, sSFR, and AUV composite spectra
may reflect the primary correlation between stellar mass
and Mg II equivalent width. Accordingly, the low-SFR,
high-sSFR, and low-AUV composite spectra are prefer-
entially populated with low-mass objects with weaker
Mg II absorption (Martin et al. 2012). Higher mass ob-
jects may have more absorption and also less emission
filling. Lower levels of emission filling indicate atten-
uation by dust, which may be more prevalent in higher
mass objects. Future work involving modeling of the stel-
lar component of Mg II absorption will help illuminate
the connection between Mg II and stellar populations.
6. DISCUSSION
In this section, we present a discussion and interpre-
tation of our results. We observe the strongest trend
between outflow velocity and ΣSFR, a finding that is sup-
ported both by theoretical work and also by observations
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Fig. 19.— Composite spectra assembled on the basis of AUV. Fitting the Fe II resonance absorption lines yields a V1 outflow velocity of
–3 ± 10 km s−1 for the high-AUV composite (red line) and –10 ± 9 km s
−1 for the low-AUV composite (blue line). Mg II strength and
kinematics are clearly correlated with AUV, where less attenuated objects show shallower Mg II absorption troughs and more blueshifted
features. In dusty objects, the lack of emission filling in the Mg II features likely contributes to the observed absorption depth. These
results are consistent with the trends observed for individual objects (Figure 24).
Fig. 20.— V1 outflow velocity versus galaxy inclination, where
inclination was estimated from axial ratios: i = cos−1[b/a]
(Tully & Fisher 1977). Significant detections of outflows or inflows
at the 3σ level are highlighted in blue and red, respectively. While
individual inclination measurements are likely uncertain by ∼ 10◦
due to measurement error in the rest-frame UV, we note that a
simple division of the sample at i = 45◦ yields a subgroup of more
face-on galaxies with 〈V1〉 = –28 ± 20 km s−1 and a set of more
inclined galaxies with 〈V1〉 = 4 ± 15 km s−1. These findings are in
the same sense as the results of Chen et al. (2010), who observed a
correlation between outflow velocity and inclination in a sample of
∼ 150,000 local SDSS (York et al. 2000) galaxies such that more
face-on systems showed a stronger outflow component.
at lower redshifts. We discuss the prevalence of outflows
in the sample and consider the uncertainties of using dif-
ferent tracer species and measurement diagnostics to pa-
rameterize a single characteristic outflow velocity.
6.1. Outflow Velocity and the Star-Formation Rate
Surface Density
Our finding of a strong correlation between outflow
velocity and the concentration of star formation – as op-
posed to the global SFR – is consistent with previous
observations. In a sample of star-forming galaxies at z
= 1.5–3.6, Law et al. (2012b) reported a 2.1σ correla-
tion between outflow velocity and ΣSFR. At a compa-
rable redshift, Genzel et al. (2011) used SINFONI ob-
servations of five galaxies to measure a higher incidence
of broad Hα profiles in star-forming clumps with larger
Hα surface brightnesses. Since broad wings are indica-
tive of gas moving at high velocities and larger Hα sur-
face brightnesses can be directly linked to larger star-
formation rate surface densities, these authors posit that
their results may be evidence for galactic winds being
modulated by the intensity of star formation. The lack
of broad Hα components in fainter interclump regions
of the Genzel et al. (2011) sample furthermore suggests
that winds may require some threshold ΣSFR. Similarly,
in a sample of ∼ 50 galaxies at z = 1.2–2.6 with high Hα
surface brightnesses, Le Tiran et al. (2011) found that
systems with the highest star-formation rate surface den-
sities were more likely to exhibit a broad Hα component.
In searching for a physical explanation for the incidence
of broad Hα kinematics, which are interpreted as arising
in outflowing gas, Le Tiran et al. (2011) used the ratio
of [S II] 6716 / [S II] 6731 to infer electron densities
(Osterbrock 1989). Based on conversions between elec-
tron density and thermal pressure, these authors found
that the systems with the highest star-formation inten-
sities were characterized by pressures similar to the val-
ues found in local starbursts exhibiting galactic winds
(e.g., Lehnert & Heckman 1996). Le Tiran et al. (2011)
accordingly proposed that thermal pressure may modu-
late the incidence of galactic winds.
In addition to thermal pressure arising from the hot gas
expelled by supernovae, radiation pressure on dust grains
is also commonly invoked as a mechanism for driving
galactic winds (e.g., Socrates et al. 2008; Murray et al.
2011). When dust grains experience a force from im-
pinging photons, the cool gas that is coupled to the dust
is also accelerated. Several authors have examined the
relative contributions of thermal and radiation pressure
in driving galactic winds. Murray et al. (2011) propose
that radiation pressure is the primary driver lofting gas
clouds above the galactic disk in the first ∼ 4 Myr before
supernovae explode. These authors hypothesize that a
critical gas surface density is required to provide the ini-
tial radiation pressure to accelerate the gas cloud above
the galactic disk. Once a bubble of gas is sufficiently
separated from the galactic plane, ram pressure from the
hot winds of later generations of supernovae accelerates
the gas (with a force comparable to the force from ra-
diation pressure; Murray et al. 2005) above the galac-
tic disk. The predicted scaling relation between out-
flow velocity and the SFR due to ram pressure alone
is shallow: V ∝ SFR1/5 (Ferrara & Ricotti 2006) or V
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Fig. 21.— Composite spectra assembled from objects with high and low inclinations, respectively, where inclinations were estimated from
HST V+I band imaging assuming intrinsic circular disks: i = cos−1[b/a] (Tully & Fisher 1977). We find that the composite spectrum
composed of high inclination objects (red line) is best-fit with V1 = 28 ± 11 km s−1 while the composite spectrum assembled from low
inclination galaxies (blue line) has a V1 outflow velocity of –19 ± 9 km s−1. Even though the overall shifts of each composite from 0 km
s−1 are small in magnitude, the kinematic difference between the two composites is significant. These results are consistent with the trend
of stronger blueshifts with decreasing inclination, as noted by Chen et al. (2010) for a local sample of SDSS galaxies. V -band thumbnails
of the ten lowest and highest inclination objects are shown above and below the composite spectra, respectively.
∝ SFR1/4 (Heckman et al. 2000). On the other hand,
for a purely radiatively driven wind, the outflow veloc-
ity is expected to scale roughly linearly with the SFR
(Sharma & Nath 2012). Using data from the z ∼ 3 LBG
study of Shapley et al. (2003), Ferrara & Ricotti (2006)
find a scaling relation between SFR and outflow veloc-
ity of the form V ∝ SFR2/3. However, these authors
make the assumption that outflow velocity can be cal-
culated from the velocity difference between interstellar
absorption lines and Lyα emission. As Lyα is resonantly
scattered and often observed to be redshifted by sev-
eral hundred km s−1 relative to the systemic velocity
frame defined by Hα emission (Steidel et al. 2010), the
outflow velocities employed by Ferrara & Ricotti (2006)
may very well be overestimates. Indeed, analysis of the
Shapley et al. (2003) data reveals that composite spec-
tra differing in SFR have nearly identical gas kinemat-
ics as traced by interstellar absorption lines alone. The
Ferrara & Ricotti (2006) conclusion that outflow veloc-
ity and SFR are related via the form V ∝ SFR2/3 is pri-
marily driven by kinematic changes in Lyα as opposed
to true variation in the interstellar species tracing the
wind. The Shapley et al. (2003) data suggest that out-
flow velocity varies much more weakly, if at all, with SFR.
Observations by Martin (2005) (V ∝ SFR0.35) are not
grossly inconsistent with the SFR1/5 scaling predicted
by Ferrara & Ricotti (2006) for acceleration by ram pres-
sure alone, although various authors have suggested that
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galactic winds are likely accelerated by a combination
of radiative and ram pressures (Sharma & Nath 2012;
Murray et al. 2011). We do not find a significant trend
of outflow velocity with SFR, although we note that the
relatively low resolution of our data paired with the lim-
ited range of SFRs probed may preclude a robust mea-
surement of a trend, particularly if the scaling is shallow.
As discussed in Genzel et al. (2011), the efficiency of
radiation pressure in driving galactic winds can be linked
to the surface density of star formation (i.e., ΣSFR) via
simple heuristic arguments. Environments with higher
star-formation rate surface densities have higher gas sur-
face densities (Kennicutt 1998). Gas surface density, in
turn, is correlated with the dust surface density and,
analogously, the dust opacity. The radiation force on
dust grains, p˙rad, is more efficient in dustier environ-
ments (p˙rad ∝ τL/c, where τ is the optical depth to radi-
ation, L is the bolometric luminosity, and c is the speed
of light; Veilleux et al. 2005). As systems with higher
star-formation rate surface densities will produce more
radiation to begin with (having a larger concentration
of star formation), it is expected that the combination of
higher radiation levels and the efficient radiative coupling
found in high ΣSFR environments – due to larger concen-
trations of dust – will translate into effective driving of
galactic winds. In the sample discussed here, however,
we do not find that dustier systems show stronger out-
flows; the high- and low-AUV composite spectra have V1,
Vmax(Fe II), and Vmax(Mg II) values consistent at the
1σ level. This null result may indicate that radiation
pressure does not dominate the acceleration of galactic
winds, or that our dataset is simply too limited in size
and S/N to unambiguously detect a trend between AUV
and outflow velocity.
Several authors have estimated the form of the scal-
ing relation between ΣSFR and outflow velocity. In the
context of outflows being driven from disrupted giant
molecular clouds, Murray et al. (2011) parameterize the
ejection velocity of gas due to radiation pressure as pro-
portional to the square of the gas surface density, Σg:
vej ∝
R2dΣ
2
g
v2c
(4)
where vej is the ejection velocity (assumed to be analo-
gous to the outflow velocity), Rd is the galaxy disk ra-
dius, and vc is the galaxy circular velocity. Assuming
the Kennicutt-Schmidt (1998) star-formation law has the
form ΣSFR ∝ Σgτdyn , where τdyn is the dynamical timescale
(Rd/vc), Murray et al. (2011) alternatively express vej as
proportional to the square of the star-formation rate sur-
face density:
vej ∝ R
4
dΣ
2
SFR
v4c
. (5)
The additional terms corresponding to Rd and vc may
translate into scatter in the vej – ΣSFR relation; using
our estimates of the Petrosian radius and the width of
the [OII] emission feature as proxies for Rd and vc, re-
spectively, we find that τdyn spans a factor of ∼ 30 in our
sample. Murray et al. (2011) also derive a critical surface
density of star formation required to launch a galactic
Fig. 22.— Outflow demographics as a function of the quantitative
morphological parameters G and M20, where parameter space can
be partitioned into regions encompassing the classical morphologi-
cal groups – mergers, ellipticals, and spirals/irregulars (Lotz et al.
2008). We highlight in blue (red) objects showing blueshifted (red-
shifted) Fe II resonance absorption lines, reserving small diamonds
for 1σ significant V1 velocities and larger diamonds for 3σ signifi-
cant V1 measurements. HST V -band thumbnails are shown for the
nine objects with 3σ velocity dectections. Both inflows and out-
flows occur in galaxies spanning a variety of morphologies; merging
systems do not preferentially host winds. These results are con-
sistent with the findings of Law et al. (2012b) at higher redshift,
although Sato et al. (2009) noted that outflows were preferentially
seen in merger candidates at 0.11 < z < 0.54.
wind by imposing the criterion that vej > vc. These au-
thors find that this critical density is dependent on both
Rd and vc; a local L∗ galaxy has Σ
crit
SFR ≈ 0.06 M⊙ yr−1
kpc−2. This result is consistent with the observationally-
motivated ΣSFR threshold derived by Heckman (2002):
ΣcritSFR ≈ 0.1 M⊙ yr−1 kpc−2.
Strickland et al. (2004) suggest an alternative scaling
relation between outflow velocity and ΣSFR assuming
winds are driven by thermal pressure and that hot gas
blows out of the galaxy three scale heights above the disk:
vej ∝
(
ΣSFR
ρ0
)1/3
(6)
where ρ0 is the gas density. Following Chen et al. (2010),
the above relation can be equivalently expressed using
the Kennicutt-Schmidt (1998) law and the approxima-
tion that the gas density is proportional to the gas sur-
face density divided by the scale height of the disk, Hz:
vej ∝ Σ2/21SFRH1/3z (7)
Strickland et al. (2004) adopt ΣSFR ∝ Σ1.4g as the form
of the Kennicutt-Schmidt (1998) law. If one instead
uses the same functional form of the Kennicutt-Schmidt
(1998) law employed by Murray et al. (2011), one finds
that vej is independent of ΣSFR. Equation 7 is consis-
tent with the shallow scaling between outflow velocity
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and ΣSFR recorded by Chen et al. (2010), although it is
important to note that the small dynamic range of the
Chen et al. (2010) data (120 km s−1 < vej < 160 km
s−1) may obscure trends. However, as mentioned above,
Chen et al. (2010) do find a significant correlation be-
tween ΣSFR and the equivalent width of the Na D out-
flow component. The equivalent width of the outflow
component is dependent on the velocity spread, covering
fraction, and optical depth of the absorbing gas.
The power-law relations discussed above can be gener-
alized as being of the form vej ∝ ΣαSFR, where α = 2.0
or 0.1. We use our V1 and ΣSFR(A74) data with the IDL
routine MPFITFUN (Markwardt 2009) to fit a power law
of the form V1 = AΣSFR(A74)
α + B, where A, α, and B
are free parameters. We choose to include only objects
exhibiting outflows (V1 < 0 km s
−1) and we furthermore
impose the prior that the additive term of the power law,
B, is 0 (i.e., V1 converges to 0 as ΣSFR(A74) goes to 0).
When we fit a power law with α = 2.0 or 0.1 to our data,
we find a better fit with α = 2.0 (although the χ2 values
per degree of freedom are large in both cases: 6.3, 7.5).
Removing any priors on the slope, we recover a best-fit
α of 0.8. However, we caution that the relatively large
errors on our outflow velocities prevent a robust discrim-
ination of α.
We can also bin the data in order to reduce the un-
certainties on the velocity measurements. We divided
the individual data points into three groups according
to ΣSFR(A74) and fit a power law of the same form as
discussed above to the average V1 and ΣSFR(A74) values
in each bin. We recover a best-fit slope of 0.3. When we
bin all the data, including the objects showing apparent
inflows but still excluding the two outliers at ΣSFR(A74)
> 2.0, we find a best-fit slope of 1.6. As these vari-
ous fits do not converge on a slope, it is clear that a
larger sample of measurements is needed, ideally over a
wider dynamic range in ΣSFR(A74). Outflow velocities
derived from higher resolution data will be furthermore
beneficial for drawing meaningful conclusions about the
slope of the power law relating outflow velocity and star-
formation rate surface density.
6.2. Prevalence of Winds
In the sample discussed here – 72 objects in the
EGS, representing a subset of the data discussed in
Martin et al. (2012), – we find 1σ significant detections
of blueshifted Fe II absorption in ∼ 40% of the sam-
ple. Likewise, 40 ± 5% of objects show outflows with
blueshifts of at least –40 km s−1. This 40% detection
rate is a lower limit due to the incompleteness of mea-
suring winds in low S/N spectra (Martin et al. 2012). In
stating that blueshifts are seen in ∼ 40% of the sample,
it is important to remember that the detection rate can
be explained by degenerate assumptions about the Fe II
gas covering fraction and the percentage of galaxies host-
ing winds. If one assumes that the winds are isotropic
with a covering fraction of 100%, we can conclude that
∼ 40% of galaxies host winds. On the other hand, 100%
of the sample could in fact host outflows if the Fe II ab-
sorbing gas covers only ∼ 40% of each galaxy. We favor
the latter scenario – in which winds are present in a ma-
jority of galaxies and yet observable only in a fraction
of sources due to an average covering fraction less than
unity – as our work supports the collimation of winds:
∼ 70% of the sample has star-formation rate surface
densities above the threshold level predicted for driving
outflows while only ∼ 40% of objects show blueshifted
Fe II absorption lines. Other authors have also sug-
gested that winds are collimated (Rupke et al. 2005;
Chen et al. 2010; Bordoloi et al. 2011). Imaging observa-
tions of winds in local starburst galaxies also reveal that
outflows preferentially escape perpendicular to galactic
disks (e.g., Heckman et al. 1990; De Young & Heckman
1994; Shopbell & Bland-Hawthorn 1998) and therefore
do not cover the entirety of galaxies. We caution, how-
ever, that as high-redshift galaxies look less and less disk-
dominated (Lotz et al. 2004; Law et al. 2007, 2012a), the
interpretation of outflows emanating particular to a pre-
sumed disk is complicated. Galactic winds appear to be
ubiquitous in samples of clumpy, unresolved galaxies at
z = 2–3 (e.g., Shapley et al. 2003). The galaxies in our z
∼ 1 sample, while generally not grand-design spirals, do
not show the preponderance of disturbed morphologies
characteristic of z ≥ 2 samples (e.g., Law et al. 2007).
Our outflow detection frequency of 40% is similar to
the detection frequency reported for the parent sample
of objects observed with LRIS (Martin et al. 2012), in-
dicative that the EGS and parent samples do not dif-
fer significantly in outflow properties. We also find that
our outflow detection frequency is consistent with ob-
servations based on absorption lines in both local sam-
ples (Rupke et al. 2005) and at z ∼ 1.4 (Weiner et al.
2009). Based on the absorption depth of Mg II in a co-
added spectrum of galaxies, these authors inferred that
at least half of the galaxies in their sample exhibit out-
flows of cool, low-ionization gas. We note that the kine-
matics and absorption strength of the Mg II lines in the
Weiner et al. (2009) composite spectrum are similar to
those seen in our composite spectrum after accounting for
the different spectral resolutions of our respective data
(Martin et al. 2012). This similarity is suggestive that
the galactic winds probed by Mg II are fundamentally
alike in both our sample and the Weiner et al. (2009)
sample.
While the kinematics of Mg II in our composite spec-
trum are similar to those of the Weiner et al. (2009) com-
posite (i.e., offset from the systemic velocity by several
hundred km s−1), we find no blueshift in the Fe II lines
in our composite spectrum (V1 = –5 ± 6 km s−1). The
spread of both positive and negative V1 velocities ob-
served for individual objects (Figure 11) is consistent
with a global average velocity close to 0 km s−1, but
the negligible blueshift of Fe II lines in the composite
spectrum may also be due to the smaller dynamic range
of gas velocities probed by Fe II than Mg II (Rubin et al.
2010; Prochaska et al. 2011). We discuss potential expla-
nations for this decreased dynamic range below.
6.3. Diagnostics of Winds
Outflowing galactic winds can be measured using a va-
riety of samples: background quasars probing galactic
halos along the line-of-sight, galaxy-galaxy pairs, and iso-
lated galaxies in which the stellar disk provides a contin-
uum for absorption by foreground interstellar gas. Even
considering only the last technique – which we employ
in this paper – a range of outflow velocity measurements
will be obtained for a galaxy depending on which inter-
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Fig. 23.— Left: Outflow velocity versus Petrosian radius. We overplot the relation from Law et al. (2012b), where these authors found a
strong correlation between outflow velocity and size in a sample of galaxies at z = 1.5–3.6. The Law et al. (2012b) objects have semi-major
axes r < 6 kpc, while our sample is characterized by 〈RP〉 = 7.1 kpc. We find no statistical evidence in our sample that Petrosian radius
and outflow velocity are correlated. Right: Outflow velocity versus the “radius” of the A74 area: (A74/pi)1/2. As with the Petrosian radius,
we find no evidence indicating a relation between outflow velocity and (A74/pi)1/2.
Fig. 24.— Scatter plots of various galaxy properties versus Mg II equivalent width, for galaxies in the EGS. The strength of Mg II was
estimated from a simple summation of flux over the interval 2788–2810 A˚ encompassing both features of the doublet. We find that the
strongest correlation, at 4.5σ (rS = 0.61), is observed between Mg II equivalent width and stellar mass. A thorough discussion of Mg II
will appear in Kornei et al. 2012b, in prep. and Martin et al. 2012b, in prep.
stellar tracer species are used and which parameteriza-
tions of absorption line kinematics are adopted.
From the extensive literature of galactic winds pub-
lished to date, it is evident that a range of tracer ele-
ments are used in tandem with a variety of measurement
techniques to parametrize the velocity of outflowing gas.
Before we discuss how the choices of tracer elements and
line-fitting methods may strongly affect the derived out-
flow velocity and its scaling with galaxy properties, it
is important to acknowledge the intrinsic uncertainty of
extracting a single representative outflow velocity from a
physical system characterized by many interacting clouds
and shells of gas at a range of radii accelerated by a
population of supernovae and massive stars injecting en-
ergy and momentum over a long timescale (> 100 Myr).
In the absence of extremely high resolution and high
S/N spectroscopy, the kinematics extracted from the cen-
troids of absorption lines must be thought of as tracing
only the gross average of multiple fronts of outflowing
gas. With this limitation in mind, we now turn to a dis-
cussion of how the choice of tracer species may impact
the measured properties of the outflows.
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Absorption line studies are necessarily affected by the
choice of absorption line probe. Authors often rely on rel-
atively abundant species whose transitions are redshifted
into the optical window of optimized detector sensitiv-
ity. Local studies typically employ Na D while investiga-
tions of higher redshift populations may use transitions
of Si II, C II, Al II, Fe II, Mg II, or Mg I in the rest-frame
UV. As these species differ in abundance, ionization po-
tential, susceptibility to emission filling, and (perhaps)
spatial distribution, it is unsurprising that their associ-
ated outflow velocities differ as well. For instance, Na D
stellar absorption is known to be stronger in older stel-
lar populations; if the outflow and stellar components are
not separated by means of modeling, the outflow velocity
can be significantly underestimated and trends between
galaxy properties and winds can become skewed or lost
(e.g., Chen et al. 2010; Coil et al. 2011). The different
ionization energies of Na I, Fe II, Mg II, and Mg I (5.1,
16.1, 15.0, and 7.6 eV, respectively) result in these species
tracing different populations of gas: Na I and Mg I, with
low ionization potentials, require dense, shielded gas in
order to survive while Fe II and Mg II are less easily
ionized and therefore survive in more widespread envi-
ronments. Emission filling affects particular transitions
of species to a differing degree depending on the rela-
tive availability and oscillator strengths of transitions
decaying to excited ground states. The Mg II doublet
presents a particularly extreme case of emission filling.
The doublet energy levels are such that these transitions
are trapped; the absorption of a resonance photon neces-
sarily results in the re-emission of another resonance pho-
ton. The Mg II doublet is therefore strongly susceptible
to emission filling and measurements of the centroids of
these transitions may yield different kinematic informa-
tion (i.e., larger blueshifts) relative to that derived from
features less affected by emission filling (Martin et al.
2012). The coincidental presence of additional spectral
features adjacent to absorption lines of interest may also
contaminate outflow signatures (e.g., He I λ5876 ∼ 15 A˚
blueward of Na D).
Differences in oscillator strengths also likely impact de-
rived outflow velocities. In the case of comparing ve-
locities measured from Fe II and Mg II transitions, the
larger oscillator strength of the Mg II line at 2796 A˚ (f12
= 0.60) compared with the oscillator strengths of the
Fe II lines at 2344, 2374, and 2587 A˚ used in our analy-
ses (f12 = 0.04–0.11) means that Mg II is optically thick
at lower column densities than Fe II. Mg II is a better
probe of rarefied gas than Fe II simply due to its larger
cross-section for absorption. Bordoloi et al. (2011) found
that Mg II equivalent widths decrease with increasing
distance from galaxies. If equivalent width is a proxy for
gas column density (neglecting the effects of saturation)
then one can conclude that Mg II gas column density
decreases with increasing distance from galaxies. Given
that Mg II is an effective tracer of low-density gas, and
presuming that low-density gas is found far from galaxies,
the larger outflow velocities inferred for Mg II compared
with Fe II (Figure 25; Rubin et al. 2010; Prochaska et al.
2011) are suggestive that the speed of galactic winds in-
creases with increasing galactocentric radius. This in-
ference that galactic winds are accelerating is consis-
tent with recent work by Martin & Bouche´ (2009) and
Fig. 25.— Vmax(Mg II) versus Vmax(Fe II), for the 13 composite
spectra discussed in this paper. Vmax(Mg II) is systematically
more blueshifted than Vmax(Fe II), as discussed in Section 6.
Steidel et al. (2010). Martin & Bouche´ (2009) studied a
sample of ULIRGs at z ∼ 0.25 and concluded that winds
are accelerating based on the assumption of a spherical
outflow and measurements of how gas covering fractions
vary with velocity. These authors found that gas cov-
ering fractions decreased with increasing outflow veloc-
ity. Pairing this observation with the prediction that
a spherical outflow will suffer geometrical dilution (i.e.,
reduction of its covering fraction) as it breaks up and
expands to larger galactocentric radii, Martin & Bouche´
(2009) concluded that outflowing gas is accelerating.
Steidel et al. (2010) showed that models of an acceler-
ating wind provided the best match to observations at z
∼ 2–3 of interstellar absorption lines arising from a range
galaxy impact parameters (b ∼ 0–200 kpc). Simulations
also suggest that higher velocity gas may be located at
larger galactocentric radii simply due to differences in
travel time (e.g., Dalla Vecchia & Schaye 2012). Obser-
vations of decreasing gas column densities with increas-
ing outflow velocity seen in the gravitationally-lensed Ly-
man Break Galaxy cB58 (Pettini et al. 2002) provide fur-
ther evidence of the connection between low-density gas,
large galactocentric distances, and large outflow veloci-
ties.
The effects discussed above are all dependent on the
choice of tracer species. We now examine a more tangible
aspect of the data analysis: how do different measure-
ments of outflow velocity impact the derived velocities
and subsequent scaling relations with galaxy properties?
Two techniques feature prominently in the literature for
quantifying the blueshift of an absorption line tracing an
outflow. Some authors rely on fitting the centroid of an
absorption line; i.e., measuring the wavelength at which
the bulk of the absorption occurs and assuming that this
velocity characterizes the outflowing gas (Shapley et al.
2003; Martin 2005; Rubin et al. 2012; Coil et al. 2011;
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Law et al. 2012b). Other authors parameterize a maxi-
mal outflow velocity by measuring the blue shoulder of an
absorption line at some fractional level of the continuum
(e.g., 90%, Weiner et al. 2009; Coil et al. 2011).
These two techniques, measuring different characteris-
tics of the outflow, are complementary and both methods
have associated uncertainties. In the case of the cen-
troid measurement, one is susceptible to mistakenly at-
tributing the entire absorption profile to an outflow when
in fact the profile should be decomposed into both an
outflow signature and a stellar absorption (or stationary
ISM) component. Failing to correct for the gas not en-
trained in the outflow will yield an underestimate of the
derived outflow velocity (Weiner et al. 2009; Coil et al.
2011), although such a correction is difficult and highly
uncertain for low-resolution, low-S/N data (Steidel et al.
2010). In our sample, the Fe II absorption centroid that
we measure is unlikely to be significantly contaminated
by stellar absorption due to the young, star-forming na-
ture of the majority of our galaxies; stellar Fe II ab-
sorption is more prevalent in older populations (e.g.,
Bruzual & Charlot 2003). The maximal outflow velocity
method is dependent on resolved absorption lines; low
spectral resolution data of unresolved absorption lines
will merely reflect the instrumental profile and therefore
measurements of a supposed wing profile will be mean-
ingless. Furthermore, maximal outflow velocity measure-
ments are strongly dependent on spectroscopic S/N (Sec-
tion 4.3). We mitigate this effect in our present work
by limiting our analyses of maximal outflow velocities
to measurements from the composite spectra which have
largely uniform S/N.
7. SUMMARY AND CONCLUSIONS
We utilized spectroscopic and imaging observations to
investigate the properties and prevalence of outflowing
galactic winds in a sample of 72 objects at 0.7 < z <
1.3 in the Extended Groth Strip. These data are part
of a larger study discussed in Martin et al. (2012). We
used LRIS spectroscopy to study interstellar absorption
lines in the rest-frame UV, including transitions of Fe II
and Mg II. With GALEX, HST, and Spitzer imaging
from the AEGIS dataset, we employed two complemen-
tary analysis techniques to investigate how galaxy prop-
erties are correlated with the prevalence and strength of
winds: 1) direct comparison of individual outflow veloc-
ities with galaxy properties and 2) construction of com-
posite spectra based on subsamples of objects exhibit-
ing similar star-forming or structural characteristics. We
provide below a numbered list of our main conclusions
in summary and expand on these points in the following
paragraphs.
1. Approximately 40% of the sample exhibits > 1σ
outflows in Fe II.
2. We find a 3.1σ trend between outflow velocity and
ΣSFR.
3. Outflow velocity and SFR are only weakly corre-
lated.
4. There is no apparent link between outflowing gas
and host galaxy morphological type.
5. Face-on galaxies exhibit more blueshifted Fe II cen-
troids than edge-on galaxies.
6. The kinematics of Fe II and Mg II gas are often dis-
crepant, with Mg II preferentially tracing higher velocity
gas.
The sample includes objects exhibiting Fe II Doppler
shifts ranging from –217 km s−1 to +155 km s−1, where
approximately 40% of the sample exhibits > 1σ outflows
in Fe II. We find that 40 ± 5% of the sample is charac-
terized by Fe II bllueshifts of at least –40 km s−1; this
outflow fraction is consistent with that of the parent sam-
ple discussed in Martin et al. (2012). We used SFRs in-
ferred from GALEX imaging in tandem with galaxy area
estimates to measure ΣSFR. Given the clumpy morpholo-
gies of star-forming galaxies at z ∼ 1, we developed a new
technique to estimate the area of only UV-bright clumps.
Using these new “clump areas” and also galaxy areas cor-
responding to Petrosian radii, we measured ΣSFR. The
majority of objects have ΣSFR > 0.1 M⊙ yr
−1 kpc−2, yet
we observe significant Fe II blueshifts in only a minor-
ity of the sample. The lower fraction of objects showing
outflows relative to that meeting the ΣSFR threshold for
driving a wind is evidence that winds are collimated and
therefore observable only over a limited range of inclina-
tions. We find a strong (∼ 3σ) trend between outflow
velocity and ΣSFR such that objects with higher star-
formation rate surface densities show more blueshifted
Fe II absorption. Composite spectra assembled on the
basis of ΣSFR also support this correlation, with V1,
Vmax(Fe II), and Vmax(Mg II) all varying toward more
blueshifted values with increasing ΣSFR. At the same
time, outflow veflocity and SFR are only weakly corre-
lated. We propose that the data span too narrow a range
in SFR (roughly two orders of magnitude) to show a
trend. While the range of ΣSFR is similarly limited (0.03
. ΣSFR(A74) . 3.0), the trend between outflow veloc-
ity and ΣSFR may be more fundamental and therefore
recoverable over a smaller dynamic range.
Based on quantitative morphological analyses of V+I
HST imaging, we do not find any link between outflow-
ing gas and galaxy structure. Rather, galaxies experi-
encing winds appear to span the classical morphological
regimes from disks to spheroidals to mergers. We esti-
mated galaxy inclinations from axis ratios in the HST
imaging and found that face-on systems exhibit stronger
Fe II blueshifts than edge-on galaxies. This result lends
credence to the canonical picture of outflowing winds em-
anating perpendicular to galactic disks. Motivated by re-
cent results of faster outflows in smaller galaxies, we in-
vestigated the relationship between outflow velocity and
size, but found no evidence for a trend.
Quantifying the prevalence of outflows requires an un-
derstanding of the physical processes affecting the ab-
sorption lines tracing winds. Different elemental tracer
species often yield discrepant outflow velocities, for rea-
sons including emission filling, differences in oscillator
strengths, and perhaps simply intrinsic variations in gas
cloud kinematics. Furthermore, the variety of techniques
available for quantifying the speed of galactic winds (cen-
troid fitting, maximal velocity measurements from a blue
wing, etc.) complicate the parameterization of a sin-
gle outflow velocity. Future studies utilizing higher reso-
lution spectroscopic data and complementary spatially-
resolved imaging to determine galaxy morphologies and
the spatial extent of winds will be crucial for better un-
derstanding the link between galactic outflows and their
host galaxies at a range of redshifts.
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TABLE 1
Sample Parametersa
ID RAb Decc zsys MB U–B M∗ SFR
d AUV
e A74f piR2P
g V1 ± δV1h
(J2000) (J2000) (log M⊙) (M⊙ yr−1) (kpc2) (kpc2) (km s−1)
12008116 14 17 25.67 52 30 25.19 0.74664 –19.69 0.64 10.1 5 1.9 43 155 37 ± 31
12008166 14 17 21.59 52 28 03.62 1.28545 –19.69 0.32 9.7 · · · 0 11 44 31 ± 62
12008197 14 17 21.84 52 29 19.62 0.98022 –21.19 0.80 10.6 97 4.1 91 232 –62 ± 19
12008364i 14 17 09.44 52 29 08.95 0.77957 –19.30 0.55 9.8 · · · 0 0 0 –33 ± 92
12008441 14 17 16.76 52 28 39.59 0.83273 –20.81 0.99 10.9 12 2.6 138 786 58 ± 61
12008445 14 17 04.91 52 27 48.85 1.27739 –20.69 0.51 10.2 · · · 0 77 220 –193 ± 79
12008456 14 17 10.67 52 30 11.63 0.90230 –19.93 0.73 9.8 6 1.4 21 60 79 ± 52
12008481 14 17 10.04 52 28 39.45 0.71341 –21.03 0.93 10.9 · · · 0 138 484 75 ± 109
12008509 14 17 03.23 52 30 33.13 1.21577 –19.80 0.36 9.7 · · · 0 51 144 70 ± 52
12008550 14 16 56.74 52 29 52.48 1.30249 –21.22 0.62 10.0 24 1.5 34 109 –145 ± 23
12008553 14 17 02.57 52 29 38.86 0.90156 –21.56 1.12 10.5 · · · 0 6 25 –79 ± 29
12008591 14 17 14.74 52 27 57.13 0.77192 –18.37 0.53 9.1 · · · 0 11 29 · · ·
12008811 14 16 55.32 52 30 24.91 1.21556 –20.79 0.67 10.1 9 0.8 13 44 33 ± 20
12011364 14 18 28.46 52 33 16.22 0.98642 –20.75 0.74 10.2 90 4.2 90 244 –28 ± 24
12011428 14 18 28.35 52 31 47.76 1.28408 –19.87 0.18 9.6 9 0.8 · · · · · · 154 ± 32
12011493 14 18 27.94 52 33 39.53 1.26377 –20.74 0.62 10.2 11 1 26 118 –21 ± 45
12011600 14 18 25.03 52 31 08.95 0.43665 –17.67 0.43 8.8 0 0.9 · · · · · · –133 ± 129
12011619 14 18 24.68 52 32 48.66 1.07449 –19.30 0.43 9.1 2 0 13 93 · · ·
12011742 14 18 16.19 52 32 16.77 1.33578 –20.81 0.71 10.2 · · · 0 12 45 2 ± 23
12011767 14 18 24.75 52 32 55.43 1.28170 –22.18 0.75 11.0 76 2.7 171 562 –34 ± 35
12011836 14 18 16.05 52 31 48.06 0.92707 –19.90 0.57 10.2 14 2.8 14 55 –128 ± 21
12012500 14 17 21.28 52 34 01.05 0.86494 –20.28 0.89 10.6 · · · 0 34 95 –31 ± 28
12012764 14 17 03.83 52 33 00.36 1.23532 –20.26 0.61 9.7 · · · 0 · · · · · · –62 ± 47
12012777 14 17 03.22 52 31 42.52 1.27426 –21.06 0.51 10.1 22 1.4 15 55 –217 ± 13
12012817 14 16 59.78 52 31 09.48 1.21583 –20.92 0.89 10.8 · · · 0 7 23 28 ± 44
12012842 14 16 56.45 52 33 13.77 1.31484 –21.68 0.75 11.0 · · · 0 · · · · · · 5 ± 23
12012871 14 17 00.37 52 33 38.53 1.34433 –20.75 0.55 10.0 14 1.3 · · · · · · –13 ± 39
12013002 14 16 50.03 52 33 46.59 1.21841 –20.22 0.64 9.5 4 0.3 · · · · · · 10 ± 42
12013145 14 16 55.46 52 32 15.81 1.34063 –19.66 0.27 9.5 6 0.7 · · · · · · –38 ± 61
12013242 14 16 55.22 52 31 38.98 1.28679 –21.31 0.45 10.1 25 1.2 · · · · · · –73 ± 22
12015177 14 18 55.51 52 37 18.84 0.98609 –20.23 0.48 9.6 11 1.7 · · · · · · –101 ± 18
12015226 14 18 53.61 52 35 48.28 0.91600 –19.30 0.29 9.1 4 0.7 · · · · · · 16 ± 18
12015295 14 18 55.92 52 37 07.05 0.49157 –19.52 0.81 10.4 1 1.2 · · · · · · · · ·
12015313 14 18 50.39 52 36 21.36 0.68009 –20.72 1.21 11.2 · · · 0 · · · · · · · · ·
12015320 14 18 51.69 52 36 00.43 0.98573 –22.09 1.05 11.3 40 2.6 · · · · · · · · ·
12015563 14 18 34.29 52 36 49.30 1.28239 –21.30 0.59 10.3 · · · 0 7 22 –98 ± 42
12015643 14 18 49.35 52 36 08.38 0.24718 –17.97 0.51 9.3 0 1.6 · · · · · · · · ·
12015680 14 18 42.71 52 36 35.96 0.75867 –20.47 0.55 10.3 21 2.9 68 279 148 ± 61
12015682 14 18 49.05 52 36 29.65 1.28371 –21.52 0.62 11.2 27 1.4 · · · · · · –99 ± 93
12015775 14 18 18.64 52 36 47.89 1.22428 –19.36 0.22 9.6 4 0.7 4 19 –105 ± 43
12015792i 14 18 19.81 52 35 15.88 1.23068 –21.23 0.95 11.0 12 2.2 0 0 –27 ± 85
12015858 14 18 26.49 52 36 08.41 1.23068 –19.87 0.21 9.5 8 0.8 53 202 –54 ± 60
12015908 14 18 08.59 52 36 10.08 0.99924 –20.25 0.64 10.0 21 3 27 82 45 ± 23
12015914 14 18 22.10 52 35 27.04 1.10461 –19.82 0.33 10.1 8 1.1 3 10 51 ± 21
12015933 14 18 25.38 52 37 11.55 1.28514 –20.34 0.66 9.7 · · · 0 13 57 –22 ± 81
12016019 14 18 07.96 52 36 43.93 1.08467 –20.71 0.62 10.0 18 1.9 44 182 48 ± 14
12016050 14 18 08.67 52 35 13.82 0.97971 –19.71 0.44 9.5 15 2.6 11 48 –15 ± 22
12016054 14 18 06.66 52 35 06.05 0.68377 –20.73 1.08 11.2 16 4.1 43 134 72 ± 185
12016075 14 18 05.98 52 34 08.42 1.11739 –19.67 0.54 9.4 5 1.2 9 41 13 ± 49
12016337 14 18 03.71 52 34 23.42 0.72026 –20.27 1.01 10.9 9 3.3 144 617 · · ·
12016903 14 17 12.78 52 34 28.40 1.15998 –21.46 0.50 10.2 25 1 46 202 2 ± 30
12017063 14 16 57.61 52 34 28.14 0.73912 –19.79 0.51 10.1 5 1.2 · · · · · · –70 ± 30
12019542 14 18 49.94 52 40 22.15 1.27848 –21.68 0.70 10.4 40 2.3 88 243 –183 ± 60
12019674 14 18 56.19 52 38 43.89 0.98491 –21.48 0.96 11.1 15 2.2 135 443 130 ± 86
12019697 14 18 49.69 52 37 42.18 0.26481 –17.25 0.54 9.0 0 1.8 27 111 · · ·
12019709 14 18 47.13 52 37 52.21 0.75792 –19.90 0.48 9.7 · · · 0 10 23 –77 ± 151
12019916 14 18 36.51 52 40 20.89 0.72849 –20.26 0.83 10.7 11 3.3 48 156 49 ± 32
12019923 14 18 35.21 52 39 42.89 0.72674 –20.19 0.76 10.4 5 1.6 47 160 56 ± 37
12019962 14 18 36.59 52 37 43.63 0.64444 –19.22 0.45 9.7 1 0.8 32 144 104 ± 31
12019973 14 18 28.61 52 40 53.43 0.81886 –19.80 0.53 10.1 10 2.3 41 123 –58 ± 27
12019995 14 18 47.09 52 37 54.47 0.24888 –19.06 0.52 9.8 · · · 0 42 150 · · ·
12019996 14 18 36.64 52 37 54.62 1.28128 –21.71 0.63 10.6 43 1.8 164 499 117 ± 24
12020031 14 18 41.23 52 39 34.32 0.82072 –22.00 0.97 11.2 36 2.4 427 1391 64 ± 108
12020064 14 18 46.56 52 38 13.78 1.31479 –21.12 0.59 10.3 26 2 58 138 –62 ± 56
12020075 14 18 48.94 52 37 30.01 0.80829 –20.52 0.64 10.6 12 1.9 77 279 –52 ± 17
12024014 14 18 50.28 52 42 05.78 1.29775 –20.51 0.49 9.9 · · · 0 6 17 · · ·
12024045 14 18 51.65 52 40 56.08 0.24698 –18.91 0.61 9.9 5 4.5 61 424 · · ·
12024133 14 18 51.82 52 41 11.85 1.12415 –21.14 0.81 10.5 36 3 49 202 –57 ± 43
12024181 14 18 49.60 52 42 36.79 1.08692 –21.00 0.80 10.5 35 3.3 96 479 –57 ± 32
12024409 14 18 33.91 52 41 28.32 1.03579 –20.59 0.84 9.9 11 1.7 48 138 –104 ± 42
12024524 14 18 33.28 52 41 10.89 0.90300 –20.93 0.71 10.4 32 2.7 119 393 –31 ± 23
12100420 14 16 57.97 52 31 58.63 1.19952 –20.63 0.60 10.0 9 1 3 10 71 ± 18
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TABLE 1 — Continued
ID RAb Decc zsys MB U–B M∗ SFR
d AUV
e A74f piR2P
g V1 ± δV1h
(J2000) (J2000) (log M⊙) (M⊙ yr−1) (kpc2) (kpc2) (km s−1)
a “ · · · ” indicates no data.
b Units of right ascension are hours, minutes, and seconds.
c Units of declination are degrees, arcminutes, and arcseconds.
d Dust-corrected UV star-formation rate estimated from GALEX observations.
e Dust attenuation estimated from UV colors.
f Galaxy “clump area” (Section 3.2).
g Galaxy Petrosian area.
h V1 outflow velocity measured from the simultaneous fit to five resonance Fe II absorption lines (Section 4.2).
i Objects with HST imaging, although the S/N was too low to make robust area measurements.
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TABLE 2
Correlations Between V1 Outflow Velocity and Galaxy Properties
Property Correlation with V1a
SFR 1.2, –0.17 (47)
sSFR 2.3, –0.33 (47)
ΣSFR(RP) 2.4, –0.40 (36)
3.1, –0.54b (34)
ΣSFR(A74) 2.4, –0.40 (36)
3.1, –0.54b (34)
i 0.9, –0.14 (46)
RP –1.4, 0.20 (47)
(A74/pi)1/2 –0.9, 0.14 (47)
a The first number indicates the number of standard deviations from the null hypothesis that the quantities are uncorrelated,
according to the Spearman ρ correlation test. A larger number of standard deviations means a higher likelihood that the data
are correlated; negative values refer to inverse correlations. The second number is the correlation coefficient, rS . The quantity
in parentheses indicates the number of objects in the sample.
b Correlations calculated omitting two outliers (12015914 and 12100420) whose extremely compact morphologies translated
into large size uncertainties.
TABLE 3
Composite Spectra
Composite Average Value V1a Vmax(Mg II)b Vmax(Fe II)c
(km s−1) (km s−1) (km s−1)
EGS · · · –5 ± 6 –730 ± 93 –564 ± 87
SFR – high 32 ± 4 M⊙ yr−1 –24 ± 9 –748 ± 94 –514 ± 84
SFR – low 7 ± 1 M⊙ yr−1 29 ± 11 –614 ± 83 –453 ± 104
sSFR – high 1.9 ± 0.2 × 10−9 yr−1 –34 ± 9 –605 ± 80 –556 ± 94
sSFR – low 4.1 ± 0.6 × 10−10 yr−1 27 ± 11 –834 ± 148 –456 ± 86
ΣSFR(RP) – high 0.29 ± 0.05 M⊙ yr
−1 kpc−2 –25 ± 6 –862 ± 69 –614 ± 97
ΣSFR(RP) – low 0.05 ± 0.007 M⊙ yr
−1 kpc−2 33 ± 13 –668 ± 105 –444 ± 87
ΣSFR(A74) – high 0.93 ± 0.15 M⊙ yr
−1 kpc−2 –31 ± 7 –855 ± 66 –611 ± 103
ΣSFR(A74) – low 0.18 ± 0.02 M⊙ yr
−1 kpc−2 44 ± 15 –640 ± 117 –451 ± 86
AUV – high 2.7 ± 0.13 –3 ± 10 –732 ± 71 –497 ± 88
AUV – low 1.1 ± 0.078 –10 ± 9 –652 ± 89 –522 ± 91
i – high 58◦ ± 1◦ 28 ± 11 –692 ± 95 –464 ± 77
i – low 38◦ ± 1◦ –19 ± 9 –811 ± 140 –557 ± 101
a Outflow velocity measured from the simultaneous fit to five resonance Fe II absorption lines, as described in Section 4.2 and
Martin et al. (2012).
b Maximal outflow velocity measured from the 2796 A˚ Mg II line (Section 5.3).
c Maximal outflow velocity measured from the 2374 A˚ Fe II line (Section 5.3).
